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Visual snow is a neurological condition that was first described and defined clinically 
a little over five years ago. The main clinical feature is an unremitting, positive visual 
phenomenon present in the entire visual field and characterized by uncountable tiny 
flickering dots. The pathophysiology of this disorder is largely unknown, making 
treatment of affected patients extremely challenging.  
The aim of this PhD was to understand more about the biology of visual snow, first 
through its clinical characterization and then with the use of neuroimaging. 
The first objective has been addressed with a large web-based survey that involved 
visual snow subjects (n = 1104), who were defined according to the recently 
proposed diagnostic criteria. This study (chapter 2) allowed recognition of the 
common clinical presentation of the syndrome and of its principal comorbidities, as 
well as prediction of its severity. 
The second aim was carried out with a multimodal structural and functional magnetic 
resonance imaging study, comparing twenty-four visual snow patients with an equal 
number of healthy volunteers (chapter 3).  
Voxel based-morphometry (chapter 4) was used to study structural changes in the 
brain; arterial spin labelling (chapter 5) to analyse regional cerebral blood flow; 
functional connectivity (chapter 6) and task-based functional magnetic resonance 
imaging (chapter 0) to study localised brain responses at rest and in response to a 
‘visual snow-like’ stimulus; finally magnetic resonance spectroscopy (chapter 0) was 
employed to study neurochemical properties of the brain.  
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The imaging data show that visual snow is characterized by subtle morphological, as 
well as widespread functional, changes that involve important brain networks 
regulating attention, salience, sensory processing and cognition.  
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1.1 A definition of visual snow 
Visual snow (VS) is a neurological condition that was first described and defined 
clinically a little over five years ago. The main clinical feature of the disorder, 
described consistently by patients, is an unremitting, positive visual phenomenon 
present in the entire visual field and characterized by uncountable tiny flickering dots 
interposed between the person’s vision and the background (Figure 1.1) (Schankin et 
al., 2014a). This ‘static’ is typically black and white but can also be coloured, flashing 
or transparent. In addition to the static, or snow, patients with visual snow can 
experience additional visual symptoms of either direct neurological origin, such as 
palinopsia (Figure 1.2), photophobia and nyctalopia (i.e. impaired night vision), or 
that arise from the optic apparatus. This is the case with entoptic phenomena, that 
may manifest in the visual snow syndrome as blue field entoptic phenomenon, 
floaters, self-light of the eye and/or spontaneous photopsia. Different combinations 
of these additional symptoms, together with the static itself, constitute the ‘visual 
snow syndrome’ (VSS) which is outlined by a set of specific criteria (Table 1) (Puledda 
et al., 2018). In the past years, recognition of the disorder has grown considerably, 
to the point where VS is now included in the appendix of the International 
Classification of Headache Disorders as a complication of migraine (Headache 





Figure 1.1 An illustration of visual snow. 
Reproduced with permission (Puledda et al., 2020b). 
 
 
Figure 1.2 An example of afterimages, in the form of palinopsia. 
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A Visual snow: dynamic, continuous, tiny dots in the entire visual field lasting 
longer than 3 months. 
 The dots are usually black/grey on white background and grey/white on black 
background; they can also be transparent, white flashing or coloured. 
B Presence of at least two additional visual symptoms of the four following 
categories: 
 (i) Palinopsia. At least one of the following: afterimages or trailing of moving 
objects.  
  After images should be different from retinal afterimages, which occur only 
when staring at a high contrast image and are in complementary colour. 
 (ii) Enhanced entoptic phenomena. At least one of the following: excessive 
floaters in both eyes, excessive blue field entoptic phenomenon, self-light of the 
eye, or spontaneous photopsia. 
  Entoptic phenomena arise from the structure of the visual system itself. The 
blue field entoptic phenomenon is described as uncountable little 
grey/white/black dots or rings shooting over visual field in both eyes when 
looking at homogeneous bright surfaces, such as the blue sky; self-light of 
the eye is described as coloured waves or clouds when closing the eyes in the 
dark; spontaneous photopsia is characterized by bright flashes of light. 
 (iii) Photophobia. 
 (iv) Nyctalopia. 
C Symptoms are not consistent with typical migraine visual aura. 
 As defined by the International Headache Society in the International 
Classification of Headache Disorders (Headache Classification Committee of the 
International Headache Society (IHS), 2018). 
D Symptoms are not better explained by another disorder. 
 Normal ophthalmology tests (best corrected visual acuity, dilated fundus exam, 
visual field and electroretinogram); not caused by previous intake of 
psychotropic drugs. 
 
Table 1 Criteria for the definition of the visual snow syndrome.  
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1.2 Early literature reports of the condition 
In the scientific literature, what can now in hindsight be considered as early clinical 
reports of visual snow, appear typically as case reports in the context of larger series 
of patients with persistent visual disturbances. These cases were often attributed to 
migraine aura and drug use, therefore providing a possible explanation as to why 
visual snow was only described recently.   
 
The first clear case report of visual snow was made by Liu and colleagues (1995). In 
this paper, ten migraine patients presenting with ‘positive persistent visual 
phenomena’ were grouped into three categories, which were then defined by the 
authors on the basis of the relationship between the headache condition and the 
visual symptoms. Three of the patients were categorized in a group for which the 
visual problems were not necessarily linked with migraine, but possibly represented 
a ‘migraine equivalent’. By looking back at the clinical descriptions of these patients’ 
symptoms - ‘…for the next 6 months he had persistent television-set “snow” and 
grainy vision throughout all fields…’; ‘…she saw constant white and black dots, 
“snow,” and “TV static” over her entire visual field…’; ‘…He complained of 8 months 
of “snow” and “flickering” similar to what was “between TV channels” …’ - one can 
see that they were suffering from visual snow. The authors further noted that, even 
if those three patients all had a positive history for both VS and migraine, there was 




Ten years later, Jager and colleagues were the first to use the term ‘visual snow 
phenomenon’ in the medical literature. They did so in describing what they thought 
of as a possible phenotypic variant of aura, in a study using magnetic resonance 
perfusion and diffusion imaging on four patients with long lasting visual disturbances 
(Jager et al., 2005). Two of these patients were defined as having visual snow, and 
one reported her disturbance as ‘…thousands of small yellow, white or silvery dots 
over the whole of both visual fields…’. In this study, the authors found no diffusion 
or perfusion differences in the visual cortices of these patients, with respect to other 
cortical regions.  
 
In 2008 Wang and colleagues used the Visual Aura Rating Scale (VARS) to assess 
patients with persistent visual disturbance (Wang et al., 2008), and described two 
subjects with continuous TV static and noise in their vision or, to use the patient’s 
words, ‘tiny black and white dots scattered throughout the entire visual field’. 
 
The first characterization of visual snow as a distinct phenomenon finally came in 
2013, in the form of a report by Simpson and colleagues (2013). The authors 
described the case of a pediatric patient affected by migrainous headaches since the 
age of seven, who presented at age twelve with the sudden onset of a persistent 
visual disturbance described as ‘white bright jagged spots and black and white flashes 
with sparkles and dots’. The patient also reported other key additional symptoms of 
visual snow, such as palinopsia and photophobia, and reproduced her symptoms in 







Figure 1.3 An original drawing of visual snow made by a 12-year-old patient. 





1.3 Systematic characterization of the syndrome 
These case reports or series, even if isolated and collected over decades, all describe 
patients complaining of a reasonably homogeneous set of symptoms, thus 
suggesting a unique common syndrome. The recognition of this phenomenon led to 
the first systematic characterization of visual snow, which appeared in the study that 
provided the defining clinical criteria for VSS (Schankin et al., 2014a).  
This study used a three-step design: first, a preliminary set of criteria were proposed 
based on the reports of twenty-two patients seen in a clinical setting, as well as an 
internet survey completed by patients with self-assessed visual snow. These criteria 
were then prospectively tested in seventy-eight patients who all had visual snow, 
defined as ‘dynamic, continuous, tiny dots in the entire visual field lasting longer than 
3 months’. Seventy-two (92%) of these patients had at least three additional visual 
symptoms, thus supporting the hypothesis of a clinical syndrome, which was finally 
defined and outlined through novel criteria (see Table 1).  
With regards to these additional visual symptoms, palinopsia in VS was found to 
manifest either as afterimages - defined as the persistence of an image after the 
removal of the original stimulus (Critchley, 1951; Ffytche et al., 2010) - which was 
present in up to 80% of individuals in the study, or as visual trailing, present in up to 
60% of subjects. Of note, afterimages in visual snow are to be distinguished from 
retinal afterimages, a phenomenon that can commonly be experienced by healthy 
individuals (Kinsbourne et al., 1963).  
An exaggerated entoptic phenomenon was reported in 81% of individuals in the 
study. Entoptic phenomena can be perceived quite commonly in the general 
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population; however, the difference with visual snow patients is that they perceive 
them on a daily basis and in a bothersome, debilitating manner.  
Nearly two-thirds of individuals with visual snow reported photophobia, which is also 
very common in migraine and in other ocular pathologies. The key characteristic of 
photophobia is the avoidance of light, that can be reported as either too bright 
(photic hypersensitivity) or painful (photic allodynia) (Maniyar et al., 2014).  
Finally, about two-thirds of individuals with VS reported nyctalopia, defined as a 
difficulty seeing at night or in the dark.  
 
Interestingly, most patients in this seminal study had comorbid migraine, and many 
(27%) even typical migraine aura. This, together with the defined clinical similarities 
of VS with prolonged visual aura (Schankin et al., 2017), could allow speculation on a 
possible overlap between the conditions. Nonetheless, the continuing and 
unremitting symptomatology of visual snow, as opposed to the ictal nature of both 
migraine and aura, as well as the absence of any aura manifestations during onset in 
the majority of the VS population (Schankin et al., 2014a), suggest that visual snow is 
a different entity from migraine with and without persistent aura. 
This relationship was further analysed in a study on one-hundred and twenty VS 
patients (Schankin et al., 2014b). Here, patients with visual snow and concomitant 
migraine were found to have more additional symptoms - in particular photophobia, 
palinopsia, photopsia, nyctalopia and tinnitus - than patients with VS alone. The 
results therefore seemed to suggest that migraine, when present, can aggravate the 




The aforementioned study also importantly represented the first neuroimaging 
investigation of visual snow, involving seventeen VSS patients who underwent 
scanning with [18F]-FDG PET (Schankin et al., 2014b). Results of the study showed 
that patients exhibited significantly increased brain metabolism in the area of the 
right lingual gyrus, as well as a trend for an area in the left cerebellum, when 
compared to healthy volunteers (Figure 1.4). The distribution of this 
hypermetabolism was very similar to an area previously shown to be involved in ictal 
migrainous photophobia (Denuelle et al., 2011), thus providing a further 




Figure 1.4 Areas of increased metabolism in the right lingual gyrus (a) and anterior 
lobe of the left cerebellum (b) in patients with visual snow, measured through [18F]‐
FDG PET.  
Reproduced with permission (Schankin et al., 2014b). 
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Even following the publication of the distinct criteria, the nosology of visual snow 
remains somewhat under debate. Some authors have argued that the condition may 
not represent a disease, but rather a heightened awareness of a physiological 
phenomenon (Kondziella et al., 2020). However, following the Oxford English 
Dictionary, we know that a disorder is defined as: ‘A disturbance of the bodily (or 
mental) functions; an ailment, disease.’ Given the neurophysiological and 
neuroimaging findings that have been linked to the condition, which are described in 
this chapter and in the following sections, there are indeed multiple indications of a 
brain dysfunction in VS. Further, when considering the definition of visual snow, one 
must take into account the high levels of disability declared by most patients, 
particularly those with the complete syndrome, which are very clear to any physician 
with clinical experience in this population. Another evidence of the level of suffering 
experienced by patients is seen in the high degrees of anxiety and/or depression that 
is found as a consequence of the condition, and which has been documented in 
several previous case studies (Kondziella et al., 2020; Lauschke et al., 2016; Schankin 




1.4 Neurobiology of visual snow: pathophysiological 
hypotheses 
The neurophysiological mechanisms causing visual snow syndrome are currently 
unknown, having been infrequently studied. Nonetheless, the large homogeneity of 
its clinical description makes it likely, at least in the majority of cases, to hypothesize 
the existence of a common pathological biology in the disorder.  
Some possible theories on visual snow pathogenesis will be described, proceeding 
anatomically from the periphery onto higher-order areas of visual processing, and 
across the different features that characterize the condition.  
These hypotheses take into account the literature that has been published to date; 
they have also largely been described in previous publications (Puledda et al., 2019; 
Puledda et al., 2018). 
 
The most obvious biological explanation for VS, would be to regard it as directly or 
indirectly caused by a disorder of the eye or visual pathways. In fact, several types of 
ophthalmic conditions can present with clinical features of ‘static’ similar to visual 
snow. Even in our clinical research group, a subject with VS who was also affected by 
X-linked Retinitis Pigmentosa has been seen in the past.  
Further, it would be possible to explain the similarity of visual snow to tinnitus - a 
highly common comorbidity (Schankin et al., 2014a) and in a way the auditory 
counterpart of visual snow - with a form of de-afferentation, in which even a 
temporary alteration in retinal firing could cause a dissociation between peripheral 
sensory input and central visual perception. A similar mechanism is indeed present 
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in the classic hallucinatory condition of Charles-Bonnet syndrome (CBS), where 
progressive loss of visual function causes hypo-connectivity from the visual periphery 
to the brain, giving rise to hallucinations (Ffytche, 2008).  
It is also tempting to explain the associated entoptic phenomena of the VS syndrome 
as something arising plainly from the eye. These symptoms are in fact often caused 
by ophthalmic conditions (Brown et al., 2015; Khaleeli et al., 2018) or can present in 
healthy individuals as a consequence of strands of vitreous or white blood cells, 
stimulating retinal neurons (Sinclair et al., 1989; Tyler, 1978).  
 
The main counter-argument to interpreting VS as a purely ocular phenomenon 
however, lies in the main criterion for VS, which requires the absence of ophthalmic 
disorders (Table 1), and also in the normality of basic eye electrophysiology, such as 
ERG or VEPs, reported in previous VS cohorts (Lauschke et al., 2016; Schankin et al., 
2014a). Furthermore, it is unlikely for a whole-field visual disturbance to be caused 
by a localized disorder of the anterior retino-geniculate visual pathway or of the optic 
radiations, since these are organized in a monocular or homonymous fashion.  
These considerations do not exclude that some cases of visual snow might be 
triggered by eye conditions. In this respect it is interesting to recall that in certain 
examples, CBS hallucinations are characterized by simple flashes, dots of light, or 
even palinopsia, an important feature of the VS syndrome (Santhouse et al., 2000).  
 
A second theory on VS pathophysiology could involve a direct thalamic dysfunction. 
In a process known as thalamo-cortical dysrhythmia, there is a dissociation between 
the sensory inputs from the thalamus and its projections to the cortex. This 
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mechanism was first described by Llinas in the context of tinnitus (Llinas et al., 1999), 
and is characterized by an increase in unusual, large-scale and coherent thalamo-
cortical low-frequency oscillations. These delta and theta oscillations are likely 
caused by a switch from tonic to high-frequency thalamic bursting - due to protracted 
cell hyperpolarization - and ultimately determine a disintegration of sensory 
perception at the cortical level.  
It is certainly possible to hypothesize a role for thalamo-cortical dysrhythmia in visual 
snow. Potentially, an underlying homeostatic imbalance of the visual pathways, 
either from altered retinal activity or genetic predisposition, could cause a 
disinhibition of projections from the posterior visual thalamus to the primary and 
secondary visual cortices, as well as the parietal cortex, which could in turn affect 
normal visual perception and at the same time explain both palinopsia and the 
continuous perception of movement (Lauschke et al., 2016).  
The fact that this same mechanism is thought to be involved in both tinnitus (De 
Ridder et al., 2015) and migraine pathophysiology (Coppola et al., 2007) is indeed 
interesting. In this context, it is important to note that more than 60% of the seventy-
eight patients from the 2014 study reported having tinnitus (Schankin et al., 2014a), 
which is therefore significantly more prevalent in visual snow than in the general 
population (Shargorodsky et al., 2010; Wu et al., 2015). This suggests that the visual 
snow syndrome could represent a more complex dysfunction of sensory processing, 
not necessarily limited to the visual system. 
 
In a more simplistic view, the thalamus could be responsible for VS symptoms 
through a localized increase in activity of the LGN or the pulvinar. The pulvinar is part 
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of the ‘thalamic matrix’ and projects diffusely to the cortex, playing a significant role 
in cognition and attentive stimulus processing (Lakatos et al., 2016). Recent studies 
have confirmed that the pulvinar can facilitate attention-related communication 
across widespread neuronal networks, including higher-order sensory cortices 
(Jaramillo et al., 2019). The pulvinar also has a role in photophobia (Maleki et al., 
2012), a key symptom of VS, and could ultimately represent an important structure 
in visual snow biology. 
 
A third possibility is to imagine VS as a purely cortical phenomenon. In visual 
hallucinatory syndromes, the percept of hallucinations has been shown to 
correspond to a dysfunction in the cortical area where that particular perception is 
represented (Ffytche et al., 1998). If the ‘cortical dysfunction theory’ were true, we 
should therefore expect altered brain structure, compensatory neuroplasticity or 
functional activity to be constrained to visual association/motion areas. It is known 
that topological visual disorders caused by hyper-function in V1/V2 areas can present 
with hallucinations similar to visual snow (Ffytche et al., 2010). Further, a recent case 
of sporadic Creutzfeldt-Jakob disease presenting with features of visual snow has 
been reported in the literature (BS Chen et al., 2019). These cases are, however, 
exceptional, and they would certainly not explain most cases of VS, in which gross 
central nervous system abnormalities are not found.  
 
A more complex explanation of the role of the cortex could involve a widespread 
dysfunction of higher-order visual processing areas, particularly of the extrastriate 
cortex. Certainly the previous [18F]‐FDG PET study, showing increased metabolic 
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activity in the lingual gyrus, points to this (Schankin et al., 2014b). There have also 
been important neurophysiological (Eren et al., 2018; Luna et al., 2018; Yildiz et al., 
2019) and behavioural (McKendrick et al., 2017) studies demonstrating an altered 
processing and dishabituation in the visual network of the VS brain. Further, certain 
elements of the VSS phenotype, particularly palinopsia, hint to a direct dysfunction 
of the parietal lobe (Ffytche et al., 2010), even though the palinopsia typically seen 
in parietal lobe lesions is retinotopically fixed. 
The dorsal visual network, involved in the processing of visual motion, is also 
particularly likely to play a role in a condition characterized by the perception of 
constantly moving objects. The motion network is part of what was originally 
described as the dorsal ‘action’ stream (Goodale et al., 1992) and has now been 
renamed as the ‘how-pathway’; it spreads from V1 dorsally to the parietal lobe, 
involving visual motion area V5 located in the temporo-parietal-occipital junction, 
which specifically responds to motion stimuli (Zeki et al., 1991).  
VS syndrome could therefore potentially involve an abnormal processing of visual 
information and altered neuronal excitability in the supplementary visual cortices, 
downstream of the primary visual cortex. 
 
The question of visual cortical hyperexcitability in the pathophysiology of visual snow 
has been addressed by Chen and colleagues (2011), who studied six patients with 
persistent visual disturbance using visual-evoked magnetic field recording. Two 
patients had reported what seemed to be visual snow for many years, and were 
found to have a persistent cortical hyperexcitability, that was inversely correlated 
with disease duration. In a case report, Unal-Chevik and Yildiz (2015) similarly found 
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a potentiation of repetitive visual evoked potentials in a patient with VS and 
migraine; this alteration normalized after treatment with lamotrigine in parallel to a 
clinical improvement. Whether the lack of habituation in these studies was due to 
comorbid migraine (Schoenen et al., 1995) or is in fact a feature of visual snow, 
remains an open question.  
 
Finally, an altered connection between the visual system and other brain networks 
involved in salience, cognition and attention, is possible in a disorder like VS. Vision 
is a dynamic, active process in which top-down influences are seen at all stages of 
the visual hierarchy - with the exception of the retina - and which control various 
functional properties of vision, particularly attention (Gilbert et al., 2013). We can 
hypothesize that visual snow may be characterized by a general altered excitability 
and connectivity of the visual network with either the salience and/or default mode 
networks, which typically exert top-down influence on the visual cortex, or the dorsal 
and ventral attention networks, which have been abundantly implicated in theories 
of visual hallucinations (Collerton et al., 2005; Shine et al., 2014; Shine et al., 2011). 
 
A final, overarching framework for visual snow that was developed at the start of this 
PhD encompasses the three aforementioned hypotheses. If a combination of 
peripheral, subcortical and cortical dysfunctions were all at play, either in different 
subjects or in different moments of the natural disease history, this would explain 
not only the main symptom of the snow common to all patients, but also the variety 
of symptoms characterizing the VS syndrome. Similarly to a model that has been used 
to explain tinnitus, and that is potentially linked to chronic pain as well (Sedley et al., 
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2016), we could imagine that subcortical spontaneous activity normally ignored and 
considered as erroneous by the brain in normal conditions, might for various reasons 
increase in salience and be considered as the default visual perception, particularly 
if the hierarchical sensory processing networks in the brain do not correct this faulty 
perception. This model would certainly explain the continuous background 
perception of the simple static or snow, and also the more complex phenomena 
typical of the syndrome: palinopsia, entoptic phenomena, photophobia and even 
nyctalopia, which could in fact simply represent an increased perception of the 
‘noise’ when no other stimulus is present. Figure 1.5 summarizes the salient aspects 
of this theory, showing the most important brain structures and connections likely to 







Figure 1.5 A proposed model for visual snow pathophysiology. 
A form of genetic predisposition or a transient alteration in peripheral visual 
stimulation could induce dysrhythmic connections between thalamic structures and 
cortical visual areas. The lateral geniculate nucleus (LGN) and pulvinar (Pv) in 
particular are directly connected to motion area V5 and the lingual gyrus (LG). 
Relevant to VS biology is the motion processing network, which is composed of areas 
within the primary visual cortex (V1/V2), area V3A within the cuneus (Cu), area V5 
located ventrolaterally among the lateral occipital sulcus and inferior temporal 
sulcus, and Brodmann area 7 in the precuneus. Structures pertaining to the default 
mode network (PCC = posterior cingulate cortex; Pc = Precuneus; mPFC = middle 
prefrontal cortex) and/or the salience network (AI = anterior insula; ACC = anterior 
cingulate cortex) are involved in salience and interoception. Disruption of these 
networks, possibly through altered connectivity between cortical areas, could also 




1.5 Main objectives  
The primary objective of this PhD project was to understand more about the 
pathophysiology of visual snow. 
In a first part of the study, the aim was to describe the clinical characteristics of a 
large population of VS patients, both with and without the complete syndrome, 
through the use of a large web-based questionnaire. The questionnaire was used to 
test the current clinical criteria, to confirm the typical presentation of the main 
symptom of visual snow - i.e. the static -, to define the differences between visual 
snow and the presentation as a ‘complete’ syndrome, to determine broad 
differences related to geography, and finally, to dissect possible subgroups and 
biological subtypes within the condition.  
Additional questions were those regarding the interaction between visual snow and 
its main comorbidities migraine and tinnitus, as well as to compare VS with 
hallucinogen persisting perception disorder (HPPD), given that hallucinogenics can 
produce a similar static-like disturbance (Abraham, 1983). The starting position was 
that by observing the clinical distinctions of VS with these comorbidities and 
overlapping disorders, some information may be gained on its underlying biology.  
In the second part of the PhD, a neuroimaging study using different magnetic 
resonance imaging (MRI) approaches was undertaken in patients with VSS, 
comparing them with healthy volunteers. The ultimate aim was to investigate 
morphological and functional changes of the visual snow brain.  
An overview of these MRI methods, and the specific reasons for applying them in 
visual snow, is described in the next chapters.  
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1.6 Focus on MRI techniques 
Magnetic resonance imaging is a non-invasive approach that allows direct 
investigation of brain biology. Different MRI methods serve a variety of scientific 
purposes, with structural approaches defining brain morphology and functional MRI 
(fMRI) techniques providing information on neuronal activity.  
 
1.6.1 Voxel based morphometry 
Voxel-based morphometry (VBM) is an objective and automated method that is 
commonly used to analyse changes in brain structure. By comparing local grey and 
white matter concentration differences between groups of subjects, it can provide 
important insights into the morphological characteristics of key structures across 
different brain conditions (Ashburner et al., 2000; Wright et al., 1995).  
VBM typically involves a voxel-wise comparison of the concentrations of grey matter 
(GM) and white matter (WM) starting from a high-resolution T1-weighted image. 
This is achieved through segmentation of tissue components on the basis of 
probability maps, either preceded or followed by spatial normalization of the images 
from all subjects in the study into a common stereotactic space through affine 
transformation. The aim of this registration step is to correct for global brain shape 
differences while allowing for individual differences in structure. Normalization is 
generally associated with modulation, whereby the voxel values are multiplied by the 
deformation parameters (Jacobian determinants) from the spatial normalisation 
step, and which allows for the comparison of relative volumes rather than 
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concentrations. Finally, images are smoothed with a Gaussian kernel for appropriate 
statistical comparisons between groups. 
An automated method that is currently well-accepted for VBM analyses is 
Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) 
(Ashburner, 2007). It achieves more accurate registration of brain images than 
standard VBM methods, by modelling the spatial deformations through a single 
velocity field that is constant over unit time.  
 
VBM has been widely used in neuroscience in various patient populations, such as 
schizophrenia (Honea et al., 2005), Alzheimer’s (Matsuda, 2016), epilepsy 
(Bernasconi et al., 2004; Keller et al., 2002) and cluster headache (May et al., 1999), 
allowing exploration of important changes in brain structures involved in the 
pathophysiology of these neurological conditions. 
 
1.6.2 Arterial spin labelling 
Arterial spin labelling (ASL) is a quantitative, non-invasive functional MRI technique 
that allows the quantification of perfusion as an indirect but sensitive marker of 
neuronal activity. Perfusion refers to the delivery of blood to a tissue or organ; brain 
perfusion is also termed cerebral blood flow (CBF) and is expressed in units of 
mL/g/min, reflecting the volume of flow per unit brain mass per unit time. Absolute 
quantification of CBF requires a tracer that can diffuse from the vasculature into 
tissue, and for this purpose ASL uses magnetically labelled arterial blood water (Wolf 
et al., 2007). 
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ASL has gained considerable interest in clinical (Detre et al., 2009; Pollock et al., 2009) 
and non-clinical (Howard et al., 2012; Modinos et al., 2018; Wolke et al., 2019) 
neuroscience investigations due to its robust nature, high reproducibility and ability 
to provide absolute, non-invasive measures of whole-brain tissue perfusion that are 
reliably associated with neuronal activity, thanks to the phenomenon of neuro-
vascular coupling (Howard et al., 2011; Williams et al., 1992).  
 
The ASL method relies on the process of converting arterial blood flowing in the neck 
into an endogenous MR tracer, through magnetic inversion (labelling) of the 
hydrogen nuclei in the blood water molecules (Chappell et al., 2017), which is 
achieved through radiofrequency pulses. This labelled blood, after a delay period, is 
carried to the brain where it accumulates within the microvasculature of the tissue. 
By comparing the labelled image obtained after the delay and a control image taken 
before blood labelling (control acquisition), it is possible to obtain measures of brain 
perfusion.  
The two major approaches for arterial spin labelling are continuous and pulsed ASL 
(Wong, 2014), which differ in both the spatial extent and the duration of the labelling. 
In continuous ASL, arterial blood water is labelled continuously over a relatively long 
period as it passes through a labelling plane, that is typically applied at the base of 
the brain (Detre et al., 1992). Conversely, in pulsed ASL, a short radiofrequency pulse 
is used to invert instantaneously the magnetization of blood and tissue, and can be 
applied either below the brain or to the entire brain (Edelman et al., 1994).  
Continuous ASL has the advantage of a higher signal-to-noise ratio (SNR) compared 
to pulsed ASL (Dai et al., 2008). Pseudo-continuous ASL (pCASL) in particular, is a 
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relatively new technique that until recently remained challenging to implement in 
clinical scanners. This ASL variant has the advantage of using short (500 µs) pulses of 
radiofrequency and gradient fields which are more compatible with clinical body coil 
transmission hardware, and has hence become the method of choice for in vivo 
cerebral perfusion investigations (Alsop et al., 2015).  
pCASL has been used in neuroscience research to study, among other conditions, 
surgical and chronic pain (Hodkinson et al., 2013; Keszthelyi et al., 2018), psychosis 
(Modinos et al., 2018), headache (Karsan et al., 2018), and neural correlates of 
behavioural traits or states (Beschoner et al., 2008; Hermes et al., 2009). 
 
1.6.3 Functional MRI 
Functional MRI (fMRI) is a widely popular imaging technique that uses blood-oxygen-
level dependent (BOLD) contrast to highlight dynamic changes in neuronal activity in 
the brain. In its most common form, fMRI is used to produce spatial maps of 
functional activation in areas showing changes when subjects are asked to perform 
a task (task-based fMRI), which is usually of sensory, cognitive, motor or physiological 
type (Bandettini et al., 1992; Heeger et al., 2002; Worsley et al., 1995).  
The BOLD signal in fMRI results from the differing magnetic properties of 
deoxygenated and oxygenated haemoglobin, and is considered an indirect measure 
of neuronal activity (KJ Friston et al., 1995; Kwong et al., 1992; S Ogawa et al., 1990; 
S. Ogawa et al., 1992). This is based on the observation that deoxyhaemoglobin 
contains paramagnetic iron - while oxyhaemoglobin contains diamagnetic oxygen-
bound iron - and as such is capable of causing local increases in the magnetic field 
inside the scanner. When an area of the brain is undergoing functional stimulation, 
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there is a change in the cerebral blood flow and the rate of metabolic consumption 
of oxygen, with more oxygen being supplied to the brain than is consumed (Buxton 
et al., 1998). This causes the fraction of deoxyhemoglobin in activated brain regions 
to be lower, which in turn causes local increases in T2* MR signal. These localised 
variations in T2* signal are easily detected by high speed gradient-echo imaging 
techniques with long echo times (TE), such as echo-planar imaging (EPI). Within the 
EPI techniques, multi-echo planar imaging represents an emerging approach that 
allows to distinguish BOLD from artefact signal with higher fidelity and 
interpretability than single-echo fMRI (Prantik Kundu et al., 2017).  
 
A different application of the BOLD signal, and in particular of its spontaneous 
coherent fluctuations, permits investigation of the functional connectivity (FC) 
between different brain areas that are linked in their activity and that communicate 
by processing shared information (Biswal et al., 1995). FC specifically relies on the 
statistical correlation between the time courses of signal intensities in spatially 
remote regions, which has been shown to manifest the functional relationship of 
spontaneous neuronal activity across such areas (M. D. Fox et al., 2007; Sporns et al., 
2004). Functional connectivity is typically used to investigate the brain when it is at 
rest and not exposed to an external stimulus, however, it can also be used to study 
the changes of the baseline neuronal activity in response to a stimulus. These types 
of experiments have revealed the existence of large-scale intrinsic networks that 
alternate their function across rest and activation and that are capable of regulating 
different brain states (Raichle et al., 2001). 
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1.6.4 Magnetic resonance spectroscopy  
MR spectroscopy (MRS) is a rapidly developing field of neuroimaging that allows 
investigation of metabolism in vivo by directly exploiting the magnetic properties of 
certain nuclei (Gujar et al., 2005). MRS differs from conventional neuroimaging as it 
provides, rather than anatomy, biological and chemical information regarding 
cellularity, energy and neuron viability (Bertholdo et al., 2013). It does so by providing 
accurate quantification of the main brain metabolites, in particular of N-
acetylaspartate, creatine, choline, myo-inositol, glutamate, GABA and lactate.  
MRS is performed in a similar fashion to conventional MRI, with the difference that 
its chemical specificity to a particular nucleus depends not only on the local magnetic 
field strength, but also on its local chemical environment, a phenomenon referred to 
as chemical shift (Novotny et al., 2003). Many nuclei can be used to obtain MR 
spectra, however, because of its inherent physical properties and high natural 
abundance, the hydrogen (1H) nucleus is the most widely used in human MRS studies.  
Spectroscopy is an insensitive tool, as it can only detect compounds that have a 
concentration of at least 0.5–1.0 mM. Therefore, to improve the signal-to-noise ratio, 
MRS studies are usually limited to a single voxel where one large region of the brain 
is analysed at a time. 
MRS has been performed in patients with a large range of neurological and 
psychiatric disorders, as it allows understanding of their pathophysiological 
mechanisms directly, as well as examination of the relationship between cognitive 




1.7 Planned neuroimaging investigations 
In the neuroimaging project of this PhD, brain anatomy, function and metabolism of 
the visual snow syndrome were investigated. 
 
1.7.1 Structural neuroimaging 
Structural imaging was used to detect focal differences in brain morphology in VS. As 
shown in Table 1, gross neuroanatomical abnormalities need to be excluded for the 
diagnosis of visual snow, as this is not a ‘secondary’ neurological condition. 
Nonetheless, it is unclear whether subtle morphological differences, that are not 
typically detected by standard clinical neuroimaging, could be driving part of the 
syndrome’s symptomatology, or perhaps even be caused by it.  
In this context, a whole-brain voxel-based morphometry approach allowed 
investigation of the neuroanatomical differences between patients with visual snow 
syndrome compared to healthy volunteers, while the high-resolution atlas template 
SUIT method (Diedrichsen, 2006; Diedrichsen et al., 2009) allowed investigation of 
cerebellar anatomy directly. The leading hypothesis was that structural differences 
in VSS, if present, would involve the visual network, in particular the primary and 
secondary visual cortices (areas V1/V2), as well as the visual motion processing area 
V5. A further hypothesis was that the lingual and cerebellar areas showing metabolic 
alterations with [18F]-FDG PET (Figure 1.4) could potentially present morphological 




1.7.2 Functional neuroimaging 
Brain function in visual snow was examined through multiple techniques: arterial 
spin labelling, functional connectivity and task-based fMRI. 
 
With pCASL, differences in blood flow in whole-brain CBF maps were measured, both 
at rest (watching a dark screen) and during exposure to a visual stimulus mimicking 
visual snow itself. This particular stimulus was chosen in order to investigate 
differences in the patient population between an external and an internally 
perceived snow, and also to evaluate the effects of visual snow on healthy 
individuals. The hypothesis was that areas in the visual network, particularly visual 
motion areas, would be characterised by changes in cerebral blood flow in visual 
snow subjects, indirectly reflecting changes in neuronal activity. A further hypothesis 
was that these areas would not show particular changes in different states of brain 
activity, since visual snow is a continuous phenomenon that does not appear to be 
influenced by external conditions (in fact, all patients in the imaging population 
reported visual snow to be visible in the dark). 
 
The FC experiment was conducted to investigate the connectivity of major cerebral 
networks in visual snow. By studying the BOLD fluctuations of the VS brain at rest, it 
was hypothesized that any dysfunction in the attention, default and/or salience 
networks would be elucidated. Further, to study how an external input could modify 
and influence the baseline brain activity, the ‘visual snow-like’ stimulus was shown 
continuously in a second connectivity experiment. The hypothesis was that, similar 
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to the pCASL experiment, changes at baseline would match similar changes in the 
active state, thus representing a possible hallmark of the condition. 
 
Functional connectivity experiments allow the study of large-scale networks; 
however, they do not elucidate fast-changing brain responses to an external input. 
In the hypothesis that the visual snow brain would also be characterized by changes 
in the immediate physiological response to an exogenous sensory input, as measured 
through BOLD responses, a task-based fMRI block-design experiment was conducted, 
in which the same ‘visual snow-like’ stimulus, used as an active visual task, was 
rapidly alternated with a dark screen. 
 
Finally, proton magnetic resonance spectroscopy (1H MRS) was used to measure 
brain metabolite concentrations directly. As the only neuroimaging study previously 
performed in visual snow showed altered metabolism in the right lingual gyrus 
(Figure 1.4), this area was chosen as the voxel of interest for the spectroscopy 
analysis, in the hypothesis that MRS would allow confirmation and reproduction of 





2 Questionnaire study 
This chapter contains the methods and results of the questionnaire study. The study 
was approved by the KCL Research Ethics Panel. I was responsible for all recruitment 
for the study. All analyses were undertaken by myself, with the exception of the 
latent class analysis. The data presented here have been published in article form in 
a peer-reviewed journal (Puledda et al., 2020b).  
 
2.1 Methods 
2.1.1 Participant selection and survey 
For this part of the study, an online survey was prepared in collaboration with a visual 
snow patient group, Eye On Vision. This survey was then directly advertised on the 
group website (http://www.eyeonvision.org/). Most of the patients involved in the 
study approached the King’s College London headache team through a dedicated 
research email, which they could find on the website. A smaller group of patients had 
contacted the group individually asking to be involved in research, and were 
redirected to the website. The survey is illustrated in Table 2; it presents a series of 
open and dichotomous questions aimed to characterize the symptoms of visual 
snow. These were entirely based on the published criteria for visual snow syndrome 
(Schankin et al., 2014a). Migraine and tinnitus presence were also investigated 
through the questionnaire, as well as age of symptom onset and previous exposure 
to illicit drugs (as the VSS criteria outline the need to exclude illicit/psychotropic 





Date of Birth (Day/Month/Year) 
Telephone number 
1) Please make a brief statement that you are willing to be contacted for research. This 
is a European data protection issue. example: "Yes, please keep my contact details and 
you may contact me for research purposes." 
2) Brief description of all symptoms you relate to visual snow syndrome.  
3) Date or age when your symptoms started. 
4) Visual snow: what type 
- black and white (i.e. only black dots on white background, white dots on black 
background) 
- clear (i.e. colour of the background) 
- flashing (i.e. always white, brighter than background) 
- coloured 
- all of these 
5) Other symptoms (please only answer yes or no) 
- After images 
- Trailing of images in the vision 
- Blue field entoptic phenomenon (i.e. white squiggly lines moving pulsating on the blue 
sky) 
- Floaters in vision 
- Coloured clouds or waves with eyes closed 
- Flashes of light 
- Impaired night vision 
- Sensitive to light 
- Tinnitus 
6) Have you ever been diagnosed with migraine or have you had a headache of moderate 
or severe intensity in the past? ( Please answer yes or no) 
7) Have you ever taken any illicit drugs in the past? 
 
Table 2 Online visual snow survey. 
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2.1.2 Patient characterization 
Following the criteria for VS (Table 1), patients who self-reported visual symptoms 
corresponding to criterion A (as evaluated by responses to questions 2, 3 and 4 of 
the survey) and who also fit criterion B (as evaluated by responses to question 5), 
were defined as having visual snow syndrome (VSS). Criterion C and D were evaluated 
on a case-to-case basis, based on answers to questions 2, 6 and 7 and eventual follow 
up questions by email when in doubt. Patients who did not report more than two 
additional visual symptoms of the four main categories - therefore lacking criterion 
B - but who fit all the other criteria, were considered to have visual snow without the 
syndrome (VS).  
To avoid confounding with hallucinogen persisting perception disorder, patients who 
answered ‘yes’ to question 7 in the survey were further followed up with in-depth 
questions aimed at assessing when their symptoms appeared with respect to the 
intake of recreational drugs. All subjects who reported the onset of visual snow 
symptoms in the 12 months following any exposure to recreational drugs were 
excluded from the first two groups, regardless of the remaining symptoms, and were 
added to a third group called ‘possible HPPD’ (HPPD). It must be noted that a 
definitive diagnosis of HPPD was not possible based on this questionnaire, and that 
this criterion was rather used as a means to exclude HPPD. All subjects in this third 





2.1.3 Statistical analysis 
Data was tabulated in Excel 2016 for Windows. Descriptive statistics, analysis of 
variance or χ² analysis for comparisons, respectively, of continuous and categorical 
variables, and cluster analysis were performed with SPSS Statistics Version 24.0 for 
Windows (IBM, Armonk, NY: IBM Corp.). Regression analysis, multiple imputations 
and latent class analysis were performed in Stata (StataCorp. 2017. Stata Statistical 
Software: Release 15. College Station, TX: StataCorp LLC). P < 0.05 was considered 
significant.  
 
Patients were separated into three different groups according to their diagnosis: 
patients with VSS were coded as group 1, patients with VS as group 2 and patients 
with possible HPPD as group 3. 
An ordinal variable was created to measure disease severity based on the number of 
visual symptoms experienced. For the largest cohort (i.e. group 1), this outcome 
variable was regressed on selected variables using ordinal logistic regression. The 
variables included as covariates in this model were selected in a previous step, based 
on a correlation with the number of symptoms experienced defined by significant 
correlations at the 5% level using Spearman’s correlation. 
 
Finally, in order to investigate possible biological subtypes of the condition, a latent 
class analysis (LCA) was performed. This is a form of statistical modelling used to 
identify groups or subtypes of cases, termed classes, in categorical data. LCA was 





2.2.1 Demographic characteristics and group comparisons 
For the questionnaire study, a total of n = 1400 subjects contacted the study group 
through the designated email. Of these, n = 210 either gave incomplete data in the 
initial survey or never replied after having been redirected to the patient website; 
these subjects were excluded from further data collection. Two subjects had an 
insufficient English language level, six subjects had a serious underlying ophthalmic 
condition and eight subjects did not fulfil criterion A, meaning the static they 
reported was either of episodic nature or was present in only one part of the visual 
field. All of these subjects were excluded from the analysis. 
 
Demographic characteristics of the remaining subjects (n = 1174) are presented in 
Table 3, which also shows details of symptom onset and associated comorbidities. 
The majority of the cohort (n = 1061, 90%) had complete visual snow syndrome. 
Forty-three subjects in the cohort were considered to have visual snow alone, as they 
provided a very clear description of the dynamic continuous pan-field tiny dots 
described in criterion A. These subjects however, did not present at least two visual 
symptoms from the additional categories, and were therefore grouped in the 
category ‘VS’. Of these, seven subjects had no additional symptoms, twenty had only 
one and sixteen had between two and four symptoms of the same category, e.g. 
palinopsia for stationary objects and trailing, or several entoptic phenomena. 
Seventy subjects were grouped as possible HPPD following the criteria described in 
the methods (section 2.1.2). With the exception of exposure to recreational drugs on 
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the 12 months prior to the onset of symptoms, they all respected the remaining 
criteria for visual snow syndrome diagnosis, which is the reason they were kept in 
this analysis.  
 
In Table 3, the three cohorts (VS, VSS and possible HPPD) are compared among 
themselves and with the cohort from the 2014 study (Schankin et al., 2014a), when 
the required data were available.  
The four groups did not differ with regards to age. Male and female ratios were 
similar for visual snow subjects (VSS and VS), however, in the HPPD population most 
patients (71%; p < 0.001) were male. The large majority of subjects came from Europe 
(n = 497, 48% for VSS; n = 15, 35% for VS; n = 41, 61% for HPPD) and North America 
(n = 429, 41% for VSS; n = 23, 54% for VS; n = 21, 31% for HPPD). 
 
Subjects with possible HPPD had a significantly later onset of symptoms compared to 
visual snow patients, both with and without the syndrome (p < 0.001). As a 
consequence, the average years with disease was lower in the HPPD group (p < 
0.001). A small number (n = 99) of subjects in the VSS group reported a clear 
‘stepwise’ worsening of symptoms at some point of the condition, however, this 
feature was not routinely screened for so it is not possible to infer its actual 
prevalence. Forty percent of VSS patients, for which data on onset age was available, 
reported the presence of symptoms since childhood, meaning for as long as they 
could recall. This was higher than the proportion found in the 2014 study. About one 
quarter of the visual snow subjects (VSS and VS) reported a sudden onset of their 
symptoms, however, the real frequency of this form of onset might be different, as 
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subjects were not interrogated about it directly. Of these spontaneous reports of 
sudden onset, some were related to specific conditions indicated in the table, of 
which a migraine attack was the most frequent. In the majority of cases however, the 
subjects could not recall any specific associated event. A sudden onset of symptoms 
was significantly more frequent in the HPPD group (81%; p < 0.001). By definition, all 
of these patients had the start of symptoms within a year after using recreational 
drugs. Four of these subjects could also recall other specific events (i.e. a migraine 
attack, a new medication and a mild head trauma) in strict temporal relation to the 
beginning of their symptoms. 
 
The presence of tinnitus in the VSS population was the highest, but overall similar to 
that of the HPPD and 2014 cohorts. The frequency of this symptom was, however, 
significantly lower in the VS group in respect to the others. This was also the case for 
migraine, which was significantly less frequent in the VS population and more 
frequent in the VSS population. The presence of migraine aura was not routinely 
investigated, as this diagnosis was considered unreliable for a dichotomous 
questionnaire. It was spontaneously reported in 37% (p = 0.05) of subjects in the VSS 








 VSS VS HPPD Schankin 
et al.  
Number of patients  
(% of thesis cohort)     
1061 (90%) 43 (4%)  70 (6%) 78 
Age (mean ± SD)                               30 ± 10 29 ± 12 28 ± 7 30 ± 10 
Female : Male (p within 
group)         
521:539 
(p=0.6) 
18:25 (p=0.3) 20:50 *** 37:41 



































Age at symptom onset 
(mean ± SD)  
data available 
since childhood 








21 ± 7 *** 
 
60 
1 (.01) *** 




Years of disease (mean ± 
SD) 
17 ± 14 20 ± 17 7 ± 8 *** / 
Stepwise worsening  99 (9%) 0 4 (6%) 10 (13%) 
Sudden onset of 
symptoms 
  with migraine attack  
  with medication 
  with trauma 
  with infection 
  with recreational drugs 
  no apparent cause 
176 of 691 
(26%) 
42 of 176 
20 of 176 
10 of 176 
10 176 
/ 
94 of 176 







4 of 16 
38 of 47 (81%) *** 
 
1 of 47 
2 of 47 
1 of 47 
/ 







 Migraine aura 
 
793 (75%) 
557 of 775 
(72%) 
127 of 345 
(37%) * 
 
18 (42%) *** 
7 of 18 (39%) 
*** 
 
1 of 6 (17%) 
 
48 (69%) 
26 of 46 (57%) 
 







Table 3 Demographic and clinical characteristics of questionnaire study cohort. 
* p<0.05, ** p<0.01, *** p<0.001 measured accordingly by ANOVA or χ² tests. Column 
on the right shows comparison with 2014 study cohort (Schankin et al., 2014a).  
/ means data is not available. 
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2.2.2 Clinical features of visual snow symptoms 
To assess the clinical aspects of visual snow, information on the type of static that 
patients experienced was collected, as well as the associated visual symptoms that 
are part of the visual snow syndrome. Table 4 shows the frequencies of these 
characteristics, comparing them across the three groups and with the 2014 study 
cohort.  
 
Each of the four static types was reported more frequently in the VSS group. This is 
probably accounted for by the fact that this group had a significantly higher 
proportion of subjects reporting all four types of static. The most common type of 
static differed between the VSS and VS groups compared to the HPPD group. When 
only one type of static was present, this was most commonly black and white in the 
VSS and VS groups, and transparent in the HPPD group. When two types of static 
were present, the most frequent combination was black and white and transparent 
for the VSS and VS groups, and coloured and flashing for the HPPD group. When three 
types of static were present, the combination of black and white, flashing and 
transparent was the most common in the VSS and VS groups, whereas coloured 
flashing and transparent was the most common in the HPPD group. The 2014 cohort 
showed different results from all groups in the study, with no patients reporting more 
than a combination of two types of static. This could be due to the fact that the 
current questionnaire was more flexible on static types, accounting for all types as 





With regards to the associated visual symptoms, VSS and HPPD groups did not 
significantly differ in the mean number of associated visual symptoms reported by 
each patient. The three most common symptoms in the VSS group were, in order: 
floaters, afterimages and photophobia. In the VS cohort the most frequent symptoms 
were all of the entoptic phenomena group: floaters, self-light of the eye and flashes. 
In the HPPD group the four most commonly reported symptoms were: afterimages, 
photophobia, floaters and nyctalopia. Taking each symptom separately, the VSS and 
HPPD groups did not differ among themselves or with the 2014 cohort with regards 




 VSS (n=1061) VS (n=43) HPPD (n=70) Schankin et al. 
(n=78) 
Types of static 
Black and white 609 (58%)  
[0.54-0.60]* 
17 (40%)  
[0.26- 0.54] 
30 (44%)  
[0.32-0.55] 
34 (44%)  
[0.33-0.55] 
Coloured 467 (44%)  
[0.41-0.47]* 
11 (26%)  
[0.15- 0.40] 
26 (38%)  
[0.27-0.49] 
15 (19%)  
[0.12-0.29] 
Flashing 495 (47%)  
[0.44-0.50]* 
11 (26%)  
[0.15- 0.40] 
27 (40%)  
[0.28-0.50] 
19 (24%)  
[0.16-0.35] 
Transparent 555 (53%)  
[0.49-0.55]* 
15 (35%)  
[0.22-0.50] 
41 (60%)  
[0.47-0.69] 
16 (21%)  
[0.13-0.31] 
Total number of static types 
One  560 (53%)  
[0.5-0.56]* 
36 (84%)  
[0.76-0.95] 
44 (64%)  
[0.51-0.73] 
71 (91%)  
[0.82-0.96] 
Two  172 (16%)  
[0.14-0.19] 
5 (12%)  
[0.05-0.25] 
9 (13%)  
[0.07-0.23] 
7 (9%)  
[0.04-0.17] 
Three  70 (7%)  
[0.05-0.08] 
0  3 (4%)  
[0.01-0.12] 
0 
Four  253 (24%)  
[0.21-0.27]* 
2 (5%)  
[0.01 -0.16] 
13 (19%)  
[0.11-0.29] 
0 
Associated visual symptoms 
Afterimages 861 (81%)  
[0.79-0.83] 
1 (2%)  
[0.00-0.12]*** 
58 (83%)  
[0.72-0.90] 
67 (86%)  
[0.77-0.92] 
Trailing 626 (59%)  
[0.56-0.62] 
0 *** 45 (64%)  
[0.53-0.75] 
47 (60%)  
[0.50-0.70] 
Blue field entoptic 
phenomenon 
704 (67%)  
[0.63-0.69] 
7 (16%)  
[0.08-0.30]*** 
47 (67%)  
[0.56-0.77] 
62 (79%)  
[0.70-0.87] 
Floaters 906 (86%)  
[0.83-0.87] 
19 (44%)  
[0.30-0.59]*** 
54 (77%)  
[0.66-0.85] 
63 (81%)  
[0.71-0.90] 
Self-light of the eye 749 (71%)  
[0.68-0.73] 
11 (26%)  
[0.15- 0.40]*** 
49 (70%)  
[0.59-0.80] 
41 (53%)  
[0.42-0.63] 
Flashes 668 (63%)  
[0.60-0.66] 
9 (21%)  
[0.11-0.35]*** 
42 (60%)  
[0.48-0.70] 
49 (63%)  
[0.52-0.73] 
Nyctalopia 821 (78%)  
[0.75-0.80] 
6 (14%)  
[0.07-0.27]*** 
54 (77%)  
[0.66-0.85] 
53 (68%)  
[0.56-0.76] 
Photophobia 856 (81%) 
[0.78-0.83] 
3 (7%)  
[0.02-0.19]*** 
56 (80%)  
[0.69-0.88] 
58 (74%)  
[0.64-0.83] 
Total number of associated visual symptoms 
Mean ± SD          
Median, IQR 
5.8 ± 1.7 
6.0, 7-5 
1.3 ± .95 *** 
1, 2-1 
5.9 ± 1.9 
6.0,8-4.5 
 
Table 4 Characteristics and frequencies of visual snow symptoms. 
n values (percentages within groups) [95% confidence intervals of proportions] 
* p<0.05, ** p<0.01, *** p<0.001 measured accordingly by ANOVA or χ² tests. Column 
on the right shows comparison with 2014 study cohort (Schankin et al., 2014a). 
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2.2.3 Predicting the severity of visual snow 
In order to predict severity of visual snow, an ordinal logistic regression, with the 
number of visual symptoms experienced as dependent variable, was performed. 
Using multiply imputed analysis, first a complete case analysis was completed, where 
any case with a missing value on either the outcome or the covariates was omitted 
from the analysis. Then, the same analysis was done using 10 imputed datasets, 
where a chained equations approach was used and the imputations stratified by 
gender. The parameter estimates were similar across both models. This is 
unsurprising since there was no missing data for the symptoms, and the level of 
missing data was low for most covariates (<2%), except for disease duration and 
presence of migraine. These two variables were added later to the data collection 
procedure and thus likely to be missing at random. One subject for whom gender 
was not specified was excluded from the analysis. 
 
The results from this regression are shown in Table 5. The analysis indicated that 
females were approximately one-third more likely to experience a higher number of 
symptoms than males. Those reporting migraine were more than two and a half 
times more likely to experience a higher number of symptoms, and those with 
tinnitus around twice as likely to experience a higher number of symptoms. A test for 
an interaction between migraine and tinnitus was not significant, indicating that 
these two concomitant conditions exert independent and additive effects on the 
number of visual snow symptoms experienced. Neither age, disease duration nor 




  Complete cases (n = 694) Multiple imputations (n=1060) 
  OR C.I. OR C.I. 
Age  0.99 [0.97-1.01] 0.98 [0.97-1.00] 
Female  1.34* [1.02-1.75] 1.32* [1.05-1.64] 
Disease 
duration 
 1.00 [0.98-1.02] 1.00 [0.98-1.02] 
Migraine  2.68*** [1.98-3.64] 2.67*** [1.96-3.64] 
Tinnitus  2.10*** [1.55-2.85] 1.98*** [1.54-2.55] 
Onset From childhood 1.00 . 1.00 . 
 Later (not 
sudden)  
1.10 [0.70-1.74] 1.03 [0.68-1.56] 
 Later (sudden) 1.02 [0.58-1.80] 1.03 [0.60-1.77] 
 
Table 5 Ordinal logistic regression of frequency of additional visual symptoms. 
* p<0.05, ** p<0.01, *** p<0.001. 
 
The results of the latent class analysis are shown in: Appendix A - Latent class analysis. 
This was performed first on VSS subjects only (Appendix A - Latent class analysis-1), 
with the exclusion of the one subject for whom gender was not defined (n = 1060). 
Model fit criteria suggested that a two class solution provided the most parsimonious 
explanation of the data, where classes 1 and 2 accounted for x and y of the sample, 
respectively. The classes that were obtained separated the patients into groups 
based on additional visual symptom frequency. Logistic regression indicated that the 
same variables as the ordinal logistic regression for symptom frequency were related 
to latent class membership (Appendix A - Latent class analysis-2). The same analysis 
was then performed on VSS and VS subjects (n = 1104; Appendix A - Latent class 
analysis-3), excluding only the ones with HPPD. The analysis showed that a third 
latent class was obtained with this further step, however, the model still showed a 




In the questionnaire study, a large cohort of patients with visual snow has been 
described and analysed.  
 
2.3.1 Visual snow phenotype 
In this cohort, subjects with VSS were usually young and most commonly presented 
with black and white or transparent static, as well as a high number of additional 
visual symptoms. It is highly likely that the method of recruitment used here was 
biased to the selection of a younger population; this is somewhat confirmed by a very 
recent population-based study that identified the average age of patients with visual 
snow syndrome in the UK to be around fifty years of age (Kondziella et al., 2020). 
Given that the results from the current study are in line with the previous one by 
Schankin and colleagues, it is possible that younger patients with visual snow, who 
present higher levels of disability than those seen in the general population, are more 
likely to seek a diagnosis and reassurance on their symptoms, as well as to proactively 
volunteer for participation in this type of research. 
Even if there was no specific gender prevalence, being of female gender was 
significantly associated with reporting increased severity of the condition. The visual 
static occurred in different combinations of colour. Of the common visual 
disturbances, floaters, afterimages and photophobia were almost invariably present, 
possibly constituting a hallmark of the syndrome. The disorder usually started in early 
life, and in many cases patients could never recall seeing differently. In a significant 
number of subjects, on the other hand, visual snow started abruptly and 
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spontaneously. This sudden onset was not necessarily related to a higher number of 
symptoms. 
 
2.3.2 Homogeneity and spectrum of visual snow 
Another important finding made clear from the study is that once specific criteria are 
defined and followed, visual snow is a recognizable disorder, with a very 
homogenous clinical presentation. The description of the primary symptom (i.e. the 
static) was highly reproducible across the study cohort, with only a few subjects 
actually presenting a visual disturbance not attributable to visual snow. The overall 
clinical presentation was quite similar across the subjects and with the second largest 
cohort in the literature. Some small variations are probably attributable to different 
sample sizes or different methodology.  
The criteria for the syndrome also eliminated false positive subjects. In fact, only a 
small minority of self-reporting patients consecutively recruited in the study did not 
fit the full syndrome definition. In these subjects, early recognition of visual snow 
even in the absence of additional visual disturbances is nonetheless important. These 
symptoms in fact characterize a higher severity and define the VS syndrome, but are 
not a sine qua non for visual snow itself.   
These results indeed highlight that different patients with visual snow manifest with 
different degrees of severity, configuring this condition as a ‘spectrum-type’ disorder. 
A severe end of the spectrum seems to be represented by those patients who have 
static with all the visual disturbances and are highly affected by them, and a mild one 
by those who only have static and are not bothered by it, even considering it normal 
for most of their lives. This theory is reinforced by the fact that visual snow syndrome 
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and visual snow did not differ in their key clinical features, such as average age, 
gender distribution, mode and age of onset. They did however differ when it came 
to comorbidities, which were more likely to be found within the syndrome in patients 
with a higher number of associated symptoms (i.e. a more severe condition) and 
were less frequent in subjects with visual snow but no syndrome with respect to VSS 
patients. This is also emphasized by the latent class analysis (Appendix A - Latent class 
analysis) showing that visual snow does not present with specific biological subtypes 
and is classified predominantly on its severity (measured with the burden of 
additional symptoms).  
 
2.3.3 Visual snow comorbidities 
Visual snow has two main comorbidities, migraine and tinnitus (chapters 1.3 and 0) 
(Bessero et al., 2014; Fraser et al., 2018; Lauschke et al., 2016; Rastogi et al., 2016; 
Schankin et al., 2014a; Simpson et al., 2013; Unal-Cevik et al., 2015). The presence of 
these comorbidities in a larger sample of VS subjects was here confirmed, with a 
further demonstration that both conditions are associated with a worse presentation 
of visual snow, defined by having more additional visual symptoms. Interestingly, 
these comorbidities independently predicted the affinity to a severity class in the 
latent class model, as well as the number of additional symptoms in the ordinal 
logistic regression.  
 
Tinnitus is a common disorder in the general population, with a prevalence ranging 
between 5% and 25% (Kim et al., 2015; Shargorodsky et al., 2010; van den Berge et 
al., 2017; Wu et al., 2015). In this cohort, three quarters of VSS patients also had 
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tinnitus, suggesting a more than chance association between the two conditions. On 
a theoretical basis, visual snow and tinnitus may represent two different 
manifestations of a similar disorder, which is the perception of a sensory stimulus 
that is not present or is sub-threshold.  
Given that tinnitus is not only more frequently present, but also predicts the severity 
of visual snow, it is possible that both disorders share a common pathophysiological 
mechanism, which, if sufficiently active, can manifest clinically with both conditions. 
These hypothesized mechanisms could involve the already described thalamo-
cortical dysrhythmia, or an altered cortical excitability, allowing again to hypothesize 
visual snow as a complex abnormality of sensory perception, potentially involving 
multiple senses at once, as outlined in chapter 0. 
 
A similar dishabituation mechanism common to migraine (Coppola et al., 2007b) and 
visual snow would explain the worsening of the VS condition when migraine is 
present, as well as the strong comorbidity between the two disorders. The presence 
of associated visual symptoms, enhanced entoptic phenomena in particular, also 
potentially points to a disorder of habituation and sensory processing, which allows 
the perception of stimuli that are normally ignored by the brain. A migrainous 
pathophysiology alone however is not sufficient to explain the visual snow biology, 
as detailed in chapter 1.3. This is also confirmed by the fact that most preventive 
migraine medications used empirically show very little effect in visual snow (Puledda 




Another important issue with visual snow, which was tackled in this questionnaire 
study, is the assumption that its symptoms could be due to consequences of 
hallucinogen intake, i.e. to hallucinogen persisting perception disorder. HPPD is a 
condition codified in the Diagnostic and Statistical Manual of Mental Disorders (DSM-
V) (American Psychiatric Association, 2013) characterized by the re-experiencing of 
perceptual symptoms (‘flashbacks’ - typically of visual type), which follow the 
cessation of the use of a hallucinogenic, and that were experienced during the 
intoxication (Halpern and Pope, 2003). Visual snow and HPPD indeed share some 
clinical aspects, mostly characterized by the possibility of the latter to manifest with 
visual static, palinopsia, flashes and other types of visual dysperceptions (Abraham, 
1983; Halpern and Pope, 2003; Martinotti et al., 2018). Recent literature seems to 
suggest that HPPD can be distinguished into two main entities. In type 2 HPPD the 
visual symptoms are constant or near-constant (Halpern et al., 2018), and this is 
consistent with the group of subjects from this cohort.  
In this study, to avoid any possible confounding overlap between HPPD and visual 
snow, strict criteria to identify VSS and VS were applied. Twelve months from the 
intake of any recreational drugs was considered as an appropriate time to exhaust 
possible effects of psychotropic substances on the visual system, given that most 
cases of hallucinogenic ‘flashbacks’ usually appear a few weeks or months after the 
first intake of psychedelics (Abraham et al., 2002). Any subjects exposed within this 
time frame were excluded from the visual snow groups. This has allowed to confirm 
that visual snow pathophysiology does not have a connection with the use of 
recreational substances. Further, it allowed analysis of a group of patients presenting 
with the VSS phenotype, but for which HPPD could not be excluded. These subjects 
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were mostly male - although this might be due to substance use being generally more 
common in men than women (Smith, 2013) - and exhibited a later onset of visual 
snow symptoms, in most cases with an abrupt start. They, however, fulfilled all 
remaining criteria for the VS syndrome and did not differ from the main VSS group 
with regards to clinical visual snow characteristics. This suggests an interesting 
overlap between VSS and drug intake, and most importantly that HPPD can manifest 
in the VSS clinical spectrum. It is possible that these conditions represent different 
aspects of the same disorder, or perhaps two distinct conditions with shared 
pathophysiological mechanism; or further, that hallucinogens can trigger visual snow 
syndrome in susceptible subjects. 
 
2.3.4 Limitations 
An important limitation of this survey, aside from the described selection bias, was 
related to fact that it did not specifically capture psychiatric comorbidities and 
psychological consequences of visual snow. As specified in the introduction (1.2), 
these conditions have been reported in previous publications, and explain at least 
part of the disability and suffering experienced by patients. While a focus on these 
conditions has been part of the clinical approach to VSS patients in this research 
group, a conscious decision was made at the start of the study to deliberately exclude 
questions focusing on anxiety and depression from the questionnaire. This was done 
following extensive dialogue with the patient self-help groups, for whom it was 
essential to destigmatize visual snow from the prejudice of considering it as a simple 
functional disorder, or even attributable to malingering.  
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3 Magnetic resonance imaging study: general methods 
In this chapter I will present an overview of the general methods for the MRI project.  
This study was approved by the London - City & East Research Ethics Committee 
(Reference number: 16/LO/0964).  
As the MRI study involved exclusively patients with the complete visual snow 
syndrome, the terms visual snow and visual snow syndrome, as well as their 
respective abbreviations (VS and VSS), will be used interchangeably within the 
relevant chapters. 
Part of the data presented here are currently in press in a peer-reviewed journal 
(Puledda et al., 2020a) or have been submitted for peer-review (see Publications). 
 
3.1 Subject population and recruitment 
Twenty-four patients with a diagnosis of visual snow syndrome following the current 
criteria (Table 1) and an equal number of age and gender matched healthy volunteers 
were selected for the study. This number of subjects per group was chosen on the 
basis of previous literature (Murphy et al., 2011; Thirion et al., 2007).  
Patients were recruited by email, re-approaching subjects who had previously 
contacted the study team at King’s College London asking to participate in research 
studies. Healthy volunteers were recruited through internal advertisement at King’s 
College London.  
Recruitment was limited to individuals of 20–60 years of age with no 
contraindications to MRI, no serious medical conditions, consumption of no more 
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than five cups of coffee per day and who were naïve to any type of recreational drugs, 
including cannabis. This was, again as in the questionnaire study (chapter 2), in order 
to exclude any possible misdiagnosis or overlap with HPPD, and to allow 
homogeneity between the two subject cohorts. Any participant taking recurrent 
medications with an action on the central nervous system was excluded from the 
study. Patients with a history of psychosis, depression or psychological diseases that 
were thought to affect the patient’s neural pathways or requiring ongoing 
psychoactive drugs were excluded from the study. Volunteers were selected based 
on matching age (± 5 years) and gender of the patient population. All controls with a 
history of migraine or recurrent headaches were excluded. All participants gave their 
informed consent.  
 
There were no significant differences with regards to age (mean ± standard deviation 
for VS patients 28 ± 6 and controls 28 ± 5; p = 0.8), gender (female: male ratio for VS 
patients 12:12 and controls 14:10; p = 0.6) or handedness (right: left ratio for VS 
patients 21:3 and controls 23:1; p = 0.3) among the patient and control groups. 
Demographic characteristics and clinical features of the visual snow patient group 
are summarized in Table 6, along with presence of migraine and tinnitus 












Additional symptoms TIN MIG Meds 




+ + + + + + + + + + Multivitamins 
M,28 10 C +    +    +   
M,29 26 BW +  + + + +  + + + 
L-thyroxine, 
paracetamol PRN 
M,25 19 BW,F,T + + + + + + + + + +  
F,20 # BW,T +  + + + +  + + + Fexofenadine 








+  +  + + +   +  
F,23 # BW,C + +  + + + +   + OCP 
F,21 # BW,F,T + + + + + + + + + + Paracetamol PRN 
M,27 21 BW + + + + + +  +    
F,26 26 BW + + + + + + + + +  
Multivitamins, 
ibuprofen PRN 
F,43 43 BW,F,T +  + + +  +  +   
F,34 12 BW  + + + +  + + + +  




F,34 31 BW,T + + + + + + + + + +  
M,22 15 F,T   + + +  +     






+ + +  + + + + + + Paracetamol PRN 
M,22 17 F +  + +   + + + + Magnesium 
M,31 24 BW + + + + + +  +  + Paracetamol PRN 
M,35 33 BW + + + + +  + + + + L-thyroxine, CQ10 
M,19 # BW    +    + +   
M,29 # F,T  + + + +    +   




Table 6 Demographic and clinical characteristics of VS patients in the MRI study. 
71 
 
# = Symptoms present for as long as patient could recall; 
+ = present;  
Age and onset of VS are presented in years 
G = Gender 
Meds = Concomitant medication 
BW = black and white static; C = coloured static; F = flashing static; T = transparent 
static;  
A = Afterimages; T = Trailing; B = blue-field entoptic phenomena; F = floaters; S = self-
light of the eye; FL = flashes; N=nyctalopia; P = Photophobia;  
TIN = Tinnitus 
MIG = Migraine 
OCP = oral contraceptive pill 




3.2 Study protocol 
The study involved a telephone interview, in which eligibility of the participant was 
assessed, followed by two visits to the Clinical Research Facility for patients and a 
single visit for healthy controls (HCs). During the first visit patients had a full medical 
history taken, as well as a general examination and neurological examination, blood 
pressure and heart rate monitoring. If patients were deemed eligible they were 
invited for a second visit in which the scanning took place, that lasted approximately 
70 minutes. Healthy controls were invited for the scanning visit directly, if they were 
considered eligible during the telephone interview. 
All participants were scanned at the same time of day, between 9 and 12 am, as it is 
known that circadian rhythms can influence regional cerebral blood flow and 
consequently the interpretation of neuroimaging data (Hodkinson et al., 2014). 
Subjects were instructed to consume a light breakfast and to avoid caffeine on the 
morning of the visit. Participants were asked to refrain from the use of any type of 
medication for 24 hours prior to scanning. If this was not avoidable, the scanning visit 
was postponed. Female patients were asked to keep a menstruation diary for the 
time of the study, in order to avoid scanning on days of active menstruation. For any 
patient with a concomitant migraine diagnosis, scanning was avoided in the ictal 





3.3 Imaging procedure 
All scans were conducted on a 3T General Electric MR750 MRI scanner at the NIHR-
Wellcome Trust King’s Clinical Research Facility, King’s College Hospital, London, 
using a 12-channel head coil. The scanning protocol was the same for both groups 
and was conducted over a single session.  
First, high resolution 3D T1-weighted IR-SPGR images were acquired with the 
following parameters: TR = 7.312 ms; TE = 3.016 ms; TI = 400 ms; FOV = 270 mm; 
matrix = 256x256; slice thickness = 1.2 mm; 196 slice partitions, ASSET factor = 1.75, 
in-plane resolution = 1 mm (Jack et al., 2010). 
Two separate pCASL scans and two separate functional connectivity fMRI scans were 
acquired for each individual, respectively, at rest while looking at a blank, dark screen 
(baseline) and during a visual task simulating visual snow (described in section 3.4). 
These scans were done in random order at each visit. 
Proton spectra for MRS were acquired using a point resolved spectroscopy (PRESS) 
protocol with chemically selective suppression (CHESS) water suppression (Haase et 
al., 1985), while patients were at rest. A 1.5x3x1.5 cm3 voxel was placed over the 
right lingual gyrus. Anatomically, this was defined by identifying the area between 
the calcarine and collateral fissure, as anterior as possible in order to avoid areas of 
exclusive retinotopic representation. Voxel location was adjusted for each 
participant to maximize grey matter content. Figure 3.1 shows an example location 
of the voxel. 
Finally, task-based BOLD activity was quantified with a single fMRI experiment, 
characterized by a block-design paradigm of visual stimulation and rest blocks of 40 
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seconds each. Participants were presented with either a dark screen or the same 
simulation of visual snow as above (described in section 3.4), and were asked to keep 
their eyes open for the duration of the entire fMRI experiment. The onset of visual 
stimulation was triggered by the start of the scan acquisition.  
Unless otherwise specified, all MRI data was processed and analysed using the 
Statistical Parametric Mapping software suite, version 12 (SPM 12; 
www.fil.ion.ucl.ac.uk/spm/) on a MatLab platform (MATLAB R2017a; 
(https://uk.mathworks.com/). For all voxel-wise analyses, significance was defined 
with an initial cluster-forming voxel threshold of p < 0.001 and subsequent family-
wise error (FWE) correction, on the basis of cluster extent, at p < 0.05, using the 
Gaussian random field theory. Images are displayed with left corresponding to the 
left side of the brain and vice versa, with the only exception of Figure 3.1. Cluster size 
is referred to as k. 
 
 




3.4 Visual snow simulation 
For the visual stimulus sequence of one pCASL acquisition, one functional 
connectivity acquisition and for the BOLD visual task, a simulation video mimicking 
the static of visual snow was developed and shown to all subjects in the scanner. The 
visual stimulus was projected onto a screen, viewed by the participants through a 
mirror of 18 cm width positioned at 8 cm from the eyes, with the maximal extent of 
visual field stimulated ±48 degrees along the horizontal meridian assuming central 
fixation.  
The visual task was developed by creating 20 bitmaps that were displayed in a 
continuous loop with 20 ms between frames. Each bitmap was created as random 
‘snow squares’ on a black background. Snow squares were blocks of 2 x 2 pixels (pixel 
size 1.0 mm x 1.0 mm). Five values of greyness were used to create these squares. 
They were: 40, 80, 120, 160 and 200, where 0 = black, 255 = white. Luminance values 
from the Microsoft Windows software (Cd/m2 values would not be accurate for small 
individual dots) for these were, respectively: 38 Lum, 75 Lum, 113 Lum, 151 Lum, 181 
Lum. For each greyness value, two snow squares were created. These snow squares 
were randomly distributed within the black background in the ratio of 10:200 snow 
squares to background squares. See Figure 3.2 for a screenshot of this simulation. 
At the end of each scanning session, VS patients were asked to rate the similarity of 
the simulation to their own visual snow experience by rating the following 
parameters: density, speed, colour and size. A summary of the patients’ evaluations 





Figure 3.2 Screenshot of visual snow simulation video. 
 
 
3.5 Statistical analysis 
All descriptive statistics, between-group differences and correlation analyses for the 
imaging study were performed with SPSS Statistics Version 24.0 for Windows (IBM, 
Armonk, NY: IBM Corp.; http://www.spss.com). Shapiro-Wilk Test was used to assess 
normal distribution of variables. Student’s t-test or Mann-Whitney U test for non-
parametric variables were used to compare mean values between groups. Pearson 
correlation coefficients or Spearman’s Rho were used to analyse correlations 
between variables. A moderated regression analysis was used to determine if 
relationships between variables depended on group membership. P < 0.05 was 
considered significant.  
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4 Structural imaging in visual snow 
This chapter will outline the methods, results and discussion for the structural 
imaging part of the MRI project. 
 
4.1 Methods for voxel based morphometry 
High resolution 3D T1-weighted IR-SPGR images were acquired as part of the 
neuroimaging experiment, with the parameters described in section 3.3. 
Prior to analysis, raw T1 images were visually inspected for artefacts and structural 
abnormalities that could interfere with the analysis. None of the acquired images 
were discarded. 
VBM to localize regional differences in grey and white matter volume was conducted 
by applying diffeomorphic anatomic registration exponentiated lie algebra (DARTEL) 
algorithm following the default parameters (Ashburner, 2007). The first step of the 
procedure segments each subject’s image into grey matter, white matter and 
cerebrospinal fluid (CSF). The second step creates a DARTEL population template 
derived from nonlinear deformation fields for the segmentation procedure and 
registers all individual deformations to the DARTEL template. In the next registration 
step, a non-linear warping of the segmented images allowed to register the DARTEL 
template in Montreal Neurological Institute (MNI) space. Furthermore, the voxel 
values in the tissue maps are modulated by the Jacobian determinant calculated 
during spatial normalization. Total intracranial volume (TIV) was calculated for each 
subject within Matlab from the sum of the GM, WM and CSF tissue components. 
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Finally, all modulated and normalized grey and white matter segments were 
smoothed with full width at half-maximum isotropic Gaussian kernel of 8-mm. 
 
Within the morphological analysis, cerebellar anatomy using a high-resolution atlas 
template (SUIT) was also investigated. To analyse regional cerebellar volumes the 
SUIT toolbox (http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm/) within 
SPM12 was used. This toolbox provides a high-resolution atlas template of the 
human cerebellum and brainstem that preserves the anatomical detail of cerebellar 
structures, as well as dedicated procedures to isolate automatically cerebellar 
structures from the cerebral cortex and to normalise accurately cerebellar structures 
to this template. Prior to normalisation, the individually created isolation maps were 
loaded into FSLView (www.fmrib.ox.ac.uk/fsl/) where they were visually inspected 
against the cropped image and hand corrected if necessary. Using the inverse of the 
resulting normalisation transform, a parcellation of the cerebellum was obtained, 
based on the probabilistic magnetic resonance atlas of the human cerebellum 
(Diedrichsen et al., 2009) provided within the SUIT toolbox. Volumes of interest were 
then overlaid onto each individual participant’s structural scan and inspected to 
ensure accurate registration.  
 
VBM analyses included whole-brain and parcellated cerebellar GM and WM analyses, 
as well as region-of-interest (ROI) grey matter analyses. 
For the whole-brain voxel-wise analysis, GM and WM volumes between subgroups 
of VSS patients and controls were reviewed with 2-sample t-tests. Total intracranial 
volume, subject age, gender, handedness and number of disease years were added 
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as covariates in the model. We ran a second model with migraine history as a 
covariate, since this condition was not present in the control group (3.1). An absolute 
threshold mask of 0.1 was used on both the GM and WM to avoid possible edge 
effects around the border between the two. 
For the cerebellar analysis, morphological group differences in parcellated cerebellar 
grey and white matter volumes were assessed using the general linear model. TIV of 
each participant was entered into the design matrix as a nuisance covariate.  
ROI analyses were carried out in the following visual areas: bilateral primary visual 
cortex (V1/V2), visual motion processing areas V5 and the pulvinar. To create ROIs 
for these anatomical areas, the ‘wfu_pickupatlas Anatomical Library’ 
(https://www.nitrc.org/projects/wfu_pickatlas) as implemented in the SPM toolbox 
was used, with the exception of the V5 ROI which was created from the ‘Juelich 
Histological Atlas’ within FSLeyes. The resulting images were used as a binary mask 
in the map resulting from group comparisons. Two a priori ROIs were also used, 
based on coordinates from the previous PET study on visual snow (see chapter 1.3) 
(Schankin et al., 2014b). These were namely the right lingual gyrus (x = 16, y = -78, z 
= -5) and left cerebellum (x = -12, y = -62, z = -9); the coordinates were used for small 
volume correction (SVC) with a sphere of radius 10mm. Having analysed multiple 
ROIs, adjusted p values corrected for FDR (following the Benjamini-Hochberg’s 





4.2 Results: morphological changes in the VS brain 
4.2.1 Whole-brain VBM-DARTEL analysis 
The average total intracranial volume was measured for both groups, and no 
differences were found between visual snow patients and controls (1465 ± 113 ml 
vs. 1450 ± 146 ml respectively; p = 0.6). 
A whole-brain voxel-wise analysis comparing grey and white matter volumes 
between groups was performed. This analysis revealed a cluster of increased GM 
volume in patients with visual snow with respect to controls in the left primary visual 
cortex (x = -2, y = -98, z = 3; k = 594; p = 0.007 uncorrected, p = 0.06 FWE; Figure 4.1). 
In this whole-brain analysis, the cluster did not quite reach the significance threshold. 
However, when the cluster forming threshold was reduced to p = 0.005, this area was 
significant (p = 0.02 FWE corrected). 
In order to verify if this difference in GM volume was in effect lateralized, for 
exploratory purposes the cluster-forming threshold was lowered to p = 0.01. With 
this lower statistical threshold, the significant cluster appeared to extend to the 
homologous region of the contralateral side as well. 











Figure 4.1 Left primary visual cortex increases in grey matter volume in VS patients 
with respect to controls. 
 
 
4.2.2 ROI analysis of GM volumes 
As explained in chapter 4.1, ROI analyses were carried out in the bilateral primary 
visual cortex (V1/V2), bilateral area V5 and bilateral pulvinar. 
Results for this constricted analysis showed a significant GM volume increase in the 
left V1/V2 area (main cluster: x = -3, y = -94, z = 0; k = 22; p = 0.04 FWE). This area 
was analogous to the whole-brain analysis (section 4.2.1), confirming its significance.  
There was also a significant cluster of GM volume increase in the left V5 area (x = -
38, y = -75, z = 4; k = 32; p = 0.04 FWE; Figure 4.2) in VS. When covarying for migraine 
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presence, both of these areas survived significance. However, following FDR 
correction for multiple comparisons, these regions did not survive significance.  
There were no other significant grey matter volume differences for the remaining 




Figure 4.2 ROI analysis showing significant GM volume increase in left V5 in visual 





4.2.3 Cerebellar analysis with SUIT   
Cerebellar images for one control subject had to be discarded due to poor image 
quality.  
While the whole-brain VBM analysis did not reveal any specific morphological 
differences in the cerebellum of VS patients, when analysing the parcellated volumes 
created with SUIT, there was an area of significant increase of grey matter volume in 
crus I/lobule VI of the left cerebellar hemisphere (x = -12, y = -62, z = -23; k = 25; p = 
0.02 FWE; Figure 4.3).  
There were no significant WM volume differences or GM volume decreases in the 




Figure 4.3 Cerebellar morphological analysis using SUIT  
a) Area of cerebellar grey matter volume increase in VS patients. GM volume 
differences between groups are outlined over parcellated cerebellar T1 images.  
b) Cerebellar flatmap of plotted t-values from VS patients compared to controls with 




4.2.4 Summary of volumetric changes in VS 
In summary, the areas of significant grey matter volume increase in patients with VS 
compared to healthy controls involved the left primary visual cortex, the left visual 
motion area V5 and the left cerebellar cortex in lobule VI/crus I (Figure 4.4). 
Details for these significant clusters, which derived either from the ROI analysis or 




Figure 4.4 Render illustration of the three brain regions of increased grey matter 
volume in patients with visual snow syndrome, compared to healthy controls. Left 






p (FWE) p (FDR) T-value k MNI coordinates 
  x y z 
Left V1 0.04 0.01 4.06 22 -3 -94 0 
 0.03 0.01 3.95 33 -6 -90 4 
 0.04 0.01 3.94 12 -9 -87 0 
 0.04 0.01 3.56 16 -2 -99 -4 
Right V1 /       
Left V5 0.04 0.01 3.52 32 -38 -75 4 
Right V5 /       
Left pulvinar /       
Right pulvinar /       
Right lingual gyrus /       
Left cerebellum /       
Cerebellum Crus I/lobule VI 0.02  4.86 25 -12 -62 -23 
 
Table 7 Areas of grey matter volume increase in patients with visual snow compared 
to controls, showing the eight examined ROIs, with initial p values (FWE) and 
adjusted p values for FDR correction. In the final row, results from the SUIT 
cerebellar analysis are shown. / stands for absence of suprathreshold clusters. 
 
4.2.5 Correlations with clinical features 
The contrast tissue volume estimate values from the left V1, left V5 and cerebellar a 
priori defined ROIs were extracted for all participants. This was done in order to avoid 
circularity (Kriegeskorte et al., 2009). These values were then correlated with the 
following variables: age, gender, handedness (in both groups), sum of associated 
visual symptoms, migraine, tinnitus presence and disease years (in patients only). No 
significant correlation was found.  
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4.3 Discussion of VBM findings 
4.3.1 Overview of grey matter changes in visual snow 
In this chapter, three different voxel-based morphometry approaches (whole-brain, 
seed-based and parcellated cerebellar images) were used to determine structural 
brain changes pertaining to visual snow. The main finding was that patients with VS 
exhibit morphological changes in the grey matter volume of the left visual cortex 
(areas V1 and V5) and cerebellum, when compared with matched healthy controls 
(Figure 4.4 and Table 7). It must be noted that the left visual cortical areas did not 
survive significance following FDR multiple comparisons corrections across ROIs. 
However, considering the exploratory nature of this first VBM analysis in VSS, that 
the abnormality in left V1 matched the whole-brain analysis, and the fact that the 
changes all point in the same direction of a lateralized cortical GM volume increase, 
it is possibly still worth discussing the significance of these results.   
 
The morphological differences involving the primary visual cortex and the visual 
motion network are in line with the perception of a moving, pan-field visual illusion 
in VS. The a priori interest in these areas was fully justified in the context of a 
condition that is characterized by the perception of a moving visual illusion. The fact, 
however, that these areas also emerged from the whole-brain analyses and not just 
in the seed-based analysis, confirms their importance in VS. The further involvement 
of important cerebellar areas, suggests that aside from a sensory dysfunction of 
visual perception - which would have limited significant findings to primary visual 
areas - VS could also represent a broader network-type disorder, in which more 
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complex alterations of cognitive processing and integration of internal and external 
stimuli are at play. Given that the anatomical changes were not associated with 
clinical parameters, such as the total number of disease years and the number of 
associated visual symptoms, they may indeed represent an inherent trait of visual 
snow, rather than a consequence of the condition. 
 
4.3.2 Primary visual cortex involvement 
Considering that visual snow is a disorder linked to brain function, the absence of 
major changes in brain morphology was expected. Conversely, an altered structure 
of primary and secondary cortical visual areas is in keeping with the clinical 
experience of simple visual illusions typical of visual snow (Ffytche et al., 2010). 
Furthermore, GM increases in the primary visual cortex very clearly followed the 
calcarine fissure (Figure 4.1), showing a correspondence to the retinotopic mapping 
of the entire hemi-field. 
The fact that the morphological V1 change was only found in the left side is more 
difficult to interpret. It is possible that this finding was due to a statistical issue, rather 
than to a truly lateralized morphological difference, given that a grey matter volume 
increase was also present in the same region on the right side when lowering the 
significance threshold. 
 
4.3.3 Changes within the visual motion network 
The visual motion network spreads from V1 dorsally to the parietal lobe, 
encompassing visual motion area V5 (Zeki et al., 1991) (chapter 0). As a result of 
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containing neurons characterized by large receptive fields and high sensitivity to 
speed gradients, this area is involved primarily in the integration of inputs from the 
primary visual cortex, decoding information and patterns of direction, speed and 
motion (Born et al., 2005). The motion network is also composed of sub-
compartments within V1/V2, of area V3/V3A in the cuneus and finally of Brodmann 
area 7 in the precuneus (Braddick et al., 2001; Watson et al., 1993). It is also part of 
the dorsal stream, now renamed the ‘how-pathway’ (Goodale et al., 1992) (chapter 
0), which integrates information on spatial localisation of incoming visual information 
for the purpose of skilled motor planning.  
Therefore, an increased volume in area V5 confirms visual snow as, among other 
things, a disorder of complex visual processing. 
 
4.3.4 Cerebellar alterations  
In addition to the involvement of neocortical visual networks, the VBM analysis also 
showed differences in the lateral cerebellum in VSS patients when compared with 
controls. As discussed in chapter 1.3, the left lobule VI showed increased metabolism 
in a previous [18F]-FDG PET study (Figure 1.4) in an area that is contiguous with the 
one found in the present study. This constitutes a possible link between a previously 
documented functional alteration of this condition and the underlying structural 
abnormality found here. 
The cerebellar lobule VI is an area that plays a significant role in in spatial processing 
functions and particularly in the ‘preparation’ of somatosensory integration 
(Stoodley et al., 2010). Here, somatosensory information is actively integrated in a 
first step before the execution of an action. Furthermore, this structure has been 
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implicated in spatial processing, oro-facial movements (Dresel et al., 2005), and is 
reciprocally connected with the somatosensory neocortex (Middleton et al., 1998). 
Most importantly, the cerebellar lobule VI/Crus I forms part of the so-called 
‘cognitive cerebellum’ (Stoodley et al., 2009), which, thanks to widespread cerebello-
cortical connections, has a role in complex functions such as language, executive 
action and visual working memory (King et al., 2019). In particular, these cerebellar 
sub-regions have been associated with the fronto-parietal, attention and default 
mode networks (DMN) in resting state analyses (Guell et al., 2018). These networks 
are control systems that work in synergy when the brain is respectively involved in a 
task or at rest (Raichle et al., 2001; Shulman et al., 1997) and will be discussed in 
more detail in chapters 5 and 6. 
 
4.3.5 A complex dysfunction of visual processing and brain networks 
The finding that important pathways involved in integration and processing of visual 
stimuli, as well as action and attention networks, were simultaneously affected in 
visual snow syndrome is relevant. In a condition where internal visual information is 
constantly being perceived, a state of increased cortical activation, justified by a form 
of processing overload, is certainly plausible and in line with the hyperexcitation 
hypothesis (chapter 0). An increase in functional activation in certain cortical areas 






5 Functional imaging in visual snow: arterial spin 
labelling 
This chapter will outline the methods, results and discussion for the ASL functional 
imaging part of the MRI project. 
 
5.1 Pseudo-continuous ASL methods 
Whole brain CBF maps were generated by means of two 3D pseudo-continuous 
Arterial Spin Labelling MRI sequences, at rest and during a visual stimulation, as 
described in section 3.3. 
Labelling of arterial blood was achieved with a 1825 ms train of Hanning shaped RF 
pulses of 500 µs duration in the presence of a net magnetic field gradient along the 
flow direction (the z-axis of the magnet). After a post-labelling delay of 2025 ms, a 
whole brain volume was read using a 3D inter-leaved ‘stack-of-spirals’ Fast Spin Echo 
readout, consisting of 8 interleaved spiral arms in the in-plane direction, with 512 
points per spiral interleave. The images had 60 axial slice locations (3mm thickness) 
and an in-plane FOV of 240 × 240 mm after transformation to a rectangular matrix 
(TE/TR = 11.088/5180 ms, flip angle (FA) = 111°). A proton density image volume with 
the same parameters was acquired within the same sequence in order to use as a 
reference to compute the CBF maps in conventional physiological units (ml blood per 
100 g tissue per minute). 
The sequence used four background suppression pulses to minimise static tissue 
signal at the time of image acquisition. Four control-label pairs were acquired. CBF 
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maps were computed from the mean perfusion weighted difference image derived 
from the four control-label pairs, by scaling the difference image against a proton 
density image acquired at the end of the sequence, using identical readout 
parameters. This computation was done according to the formula suggested in the 
recent ASL consensus (Alsop et al., 2015). The entire acquisition time of each 3D-
pCASL sequence was 6 minutes and 20 seconds. 
 
Preprocessing of pCASL images (spatial normalisation) was performed using 
Automated Software for ASL Processing (ASAP (Mato Abad et al., 2016)) toolbox, 
which employs SPM 12. Computation of CBF maps was performed by the scanner 









in which 𝑃 is the signal in the perfusion-weighted image (control–label), 𝑅 is the 
signal in the reference image, 𝜀 is the combined efficiency of labelling and 
background suppression (~65%), 𝑤 is the postlabelling delay (2025 ms), 𝜏 is the label 
duration (1825 ms), 𝑇1𝑎 is the 𝑇1 of arterial water, and 𝜆 is the brain/blood partition 
coefficient in mL/g.  
For spatial normalization of the CBF maps to the space of the Montreal Neurological 
Institute within the ASAP framework, a multistep approach was used: CBF maps were 
co-registered to the high-resolution T1-weighted structural ADNI images, after 
coarse alignment of the origin of both images. Unified segmentation of the T1-
weighted image normalised this image to the MNI space and was used to produce a 
‘brain-only’ binary mask which was multiplied by the co-registered rCBF map to 
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produce an image free of extra-cerebral artefacts. The spatial transformation matrix 
was applied to the clean CBF images and then smoothed using an 8 x 8 x 8mm 
Gaussian kernel as described (Mato Abad et al., 2016). 
 
The pCASL data were analysed using a voxel-wise general linear model. A whole brain 
flexible-factorial design using two-way ANOVA allowed analysis of changes in CBF 
related to group and stimulus effect. Mean global CBF was included as a covariate in 
the design matrix using ANCOVA, to account for inter-individual differences in global 
perfusion.  
All brain locations are reported as x, y, and z coordinates in MNI space. A 
neuroanatomy atlas (Mai et al., 2008), as well as the Harvard-Oxford cortical and 
subcortical structural atlases from the FSL software (FSL 5; 
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), were used to identify the correct anatomical 
locations of clusters of statistically significant changes within MNI space. 
To measure global CBF signal, the ASAP toolbox was used to extract average CBF 
values from a grey matter mask of each subject. Probabilistic grey matter images in 
MNI space, derived from the FSL voxel-based morphometry toolbox, were 
thresholded to produce a mask which included all voxels with a >20% likelihood of 
being grey matter. The mean global CBF value, defined as the mean of all grey matter 
voxels within the mask, was computed for each individual pCASL CBF map in each 
subject. Mean global CBF for patients and controls in both conditions were compared 
with standard t-test. Global CBF differences were tested in an ANCOVA model, while 




5.2 Main pCASL results 
The first approach in the pCASL analysis was to study changes in mean global CBF in 
the grey matter. As would be expected, there were no difference in values between 
the two groups, whether global CBF was measured at baseline (mean ± standard 
error 53.5 ± 10.6 in the VS group and 51.7 ± 12 in controls; p = 0.6), when looking at 
the snow-like stimulus (54.9 ± 10.5 in the VS group and 53.3 ± 12.8 in controls; p = 
0.6) or when both conditions were averaged out (54.2 ± 10.5 in the VS group and 
52.5 ± 12.3 in controls; p = 0.5). An ANCOVA analysis confirmed no significant 
differences in median global CBF values between groups, when accounting for 
stimulus type. 
 
The following step was to perform whole brain voxel-wise analyses of CBF maps. 
These are detailed in the following sections, in a specific order: first the two groups 
(VS patients vs. healthy controls) were compared. This was done considering both 
conditions together, and then separately at rest and during the visual stimulus. The 
task effect of the snow-like stimulus vs. the baseline rest condition was then studied 
in both subject groups. Finally, the interaction effects between the two conditions 
(group and stimulus) were formally tested. 
 
Given that changes in regional cerebral blood flow are indirectly associated with 
neuronal activity (as outlined in chapter 1.6.2), for simplicity the words ‘increases’ 
and ‘decreases’ - when referring to rCBF changes measured through pCASL - will be 
used interchangeably with ‘activations’ and ‘deactivations’, respectively.   
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5.2.1 Comparing VS patients to controls - group effects 
Group effects with and without stimulus - by performing a whole-brain comparison 
for the main effect of group, both with and without the ‘snow-like’ stimulus 
condition, an extensive network of unilateral and bilateral brain regions showed an 
increase in regional CBF in patients with VS compared to healthy controls (Figure 5.1). 
Anatomic locations and descriptions of all the significant clusters are highlighted in  
Table 8. Areas are shown in coordinate MNI space with relative T scores and k values, 
as well as percentage of rCBF increase compared to the HC group.  
Bilateral clusters of significant CBF change were found in the cuneus, precuneus, 
inferior parietal lobule (IPL), superior parietal lobule (SPL), supplementary motor 
area (SMA), frontal eye fields (FEF), premotor cortex, posterior cingulate cortex, 
middle frontal gyrus, angular gyrus (AG), post central gyrus, middle and superior 
occipital lobule. In the left hemisphere clusters were found in the primary auditory 
cortex, fusiform gyrus (FG), area VI of the cerebellum and supramarginal gyrus (SMG).  
 
In order to exclude a migraine effect for the areas that emerged in the whole-brain 
analysis described here, a post-hoc analysis was performed in subjects without 
concomitant migraine (n = 9) compared to healthy volunteers (n = 24). Results from 








Figure 5.1 Clusters of significant rCBF increase in VS patients compared to HCs when 
accounting for main effect of group (with and without stimulus) in axial (A) and 
coronal (B) view. 
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x y z 
Cuneus and 
precuneus 
Right cuneus, precuneus, 
IPL, SPL, angular gyrus, 
superior occipital lobule, 
post central gyrus, BA 7 
5.37 742 52 -54 54 15% 
Cuneus and 
precuneus 
Left cuneus, precuneus, 
IPL, SPL, middle occipital 
lobule, angular gyrus, 
post central gyrus, BA 7 
4.7 1380 -26 -82 32 14% 
Superior 
temporal gyrus 
Left superior temporal 
gyrus, primary auditory 
cortex, inferior parietal 
lobule, transverse 
temporal gyrus 
4.62 219 -54 -30 14 8% 
Precentral gyrus Left premotor cortex, FEF, 
middle frontal gyrus, 
inferior frontal gyrus, 
Brodmann area 6 
4.61 460 -46 0 46 12% 
Precentral gyrus Right premotor cortex, 
FEF, middle frontal gyrus, 
inferior frontal gyrus, 
Brodmann area 6 
4.35 422 44 0 48 11% 
Cerebellum and 
fusiform gyrus 
Left cerebellum, FG, 
inferior temporal gyrus 
4.22 310 -38 -56 -22 13% 
Inferior parietal 
lobule 
Left IPL, superior 
temporal gyrus, 
supramarginal gyrus, 
Brodmann area 40 




cingulate cortex, medial 
precuneus 




motor area, superior 
frontal gyrus, anterior 
cingulate gyrus 
3.82 402 2 10 52 11% 
 
Table 8 Brain areas of differential rCBF increase in patients with VS compared to 
controls (main effect of group, with and without stimulus).  
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Group effects at rest - when comparing VS patients to controls during baseline only 
(at rest without visual stimulus), an equal number of statistically significant clusters 
of increased rCBF were found (Figure 5.2a). These areas were largely overlapping 
with the ones defined from the analysis combining the conditions (both with and 
without stimulation, Figure 5.1, Table 8) and again corresponded to the bilateral 
cuneus, precuneus IPL, SPL, SMA, FEFs premotor cortex, AG, posterior cingulate 
cortex, middle frontal gyrus, post central gyrus, middle and superior occipital lobule 
and left primary auditory cortex, FG, cerebellum area VI and supramarginal gyrus.  
 
Group effects with stimulation - when patients were compared to controls during 
stimulation only, the areas of significant rCBF difference (Figure 5.2b) were found 
again to overlap with the first analysis. Some minor differences related to the 
absence of two clusters, one involving the PCC and one the left IPL, which did not 
reach the significance threshold in this analysis.  
 
The clear similarity that emerges when testing for the group effect (i.e. comparing 












Figure 5.2 Areas of increased CBF in patients with visual snow compared to healthy 
volunteers when looking at a blank screen (a) and when observing a ‘snow-like’ 
visual stimulus (b).  
 
Images are overlaid onto a glass brain on the left side, and a standard anatomical T1 












Figure 5.3 Comparative illustration of areas of increased CBF in patients vs. healthy 
volunteers when looking at a blank screen (red colour areas - as seen in Figure 5.2a) 





5.2.2 Comparing snow-like simulation to baseline - stimulus effects 
When subject to the snow-like stimulus and compared to the baseline resting fixation 
state, both groups showed an increase in rCBF in a large bilateral cluster involving 
the primary visual cortex, lingual gyrus and inferior temporal gyrus. In VS patients 
only, the stimulation also evoked a decrease in rCBF in the mid-cingulate and 
posterior cingulate cortex (k = 551; MNI coordinates: x = 12 y = -10 z = 46).  
Figure 5.4 shows these areas of increased and decreased rCBF in patients and 




Figure 5.4 Areas of increases (red/yellow) and decreases (blue/green) of rCBF in 




5.2.3 VS patients and stimulation - interaction effects 
When considering the interaction between group and stimulus condition (i.e. the 
difference of the differences), a significant area of increased activation in patients 
with visual snow compared to volunteers was identified when subject to visual 
stimulus (‘snow-like’ vs resting fixation). This cluster of size k = 98 was located in the 
right insula and was significant for p = 0.01 after SVC by applying a mask over the 
anatomical area. Figure 5.5 shows the area (MNI coordinates: x = 44 y = 20 z = 2) with 
bar representing T-values and plots for effects of interest contrast, showing values 
for, respectively: VS patients at rest, VS patients during stimulus, HCs at rest, HCs 
during stimulus. The plotting allows to observe that, where VS subjects have an 
increase in rCBF between the baseline and ‘activated’ condition, the healthy controls 
have a decreased perfusion in response to the same stimulus. 
 
This result indicates that there is a greater task-related rCBF change in the right 
anterior insula in the VS group, when they are subject to the visual snow simulation, 











Figure 5.5 Right insula activation in patients with visual snow when testing for 
group and stimulation interaction (a) and effects of interest contrasts (b) for: VS 
patients at rest (1), VS patients during visual stimulation (2), HCs at rest (3), HCs 





5.3 Discussion of pCASL analysis 
The arterial spin labelling results described in the previous sections show that 
patients with visual snow exhibit a specific pattern of increased regional cerebral 
blood flow with respect to controls in several brain areas, which are mostly involved 
in complex sensory processing. These areas were: the bilateral cuneus, precuneus, 
IPL, SPL, SMA, premotor cortex, PCC, middle frontal gyrus, AG, post central gyrus, 
middle and superior occipital lobule, and left primary auditory cortex, FG, cerebellar 
area VI and SMG (Table 8). The fact that these alterations of cerebral blood flow were 
found in visual snow both in the resting condition and when the brain was involved 
in a specific visual task (Figure 5.3), suggests that these regions form an intrinsic 
pattern of altered neuronal function, which could represent a specific 
pathophysiological fingerprint of the condition. Further, most of these regions were 
independent of concomitant migraine presence (Appendix C - pCASL post-hoc 
analysis), and thus likely represent a true alteration pertaining to visual snow biology. 
 
5.3.1 Posterior parietal cortex and the default mode network 
With regards to the between-group whole-brain ASL analysis, the clusters showing 
highest T scores of increased perfusion in VS patients involved large areas of the 
posterior and lateral parietal cortex, in particular the precuneus and parts of the 
cuneus as well as the superior and inferior parietal lobules of both hemispheres 
(Figure 5.2, Table 8). 
The fundamental role of the parietal cortex in the integration of different sensory 
stimuli, as well as its involvement in several complex neurological and psychiatric 
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disorders (Teixeira et al., 2014), is well known. In particular, the majority of the areas 
showing altered rCBF in the study are part of the dorsal visual stream, which emerged 
from the morphological analysis as well (see 4.3). This pathway, in which visual 
information is delivered from the primary visual cortex to the posterior parietal lobe 
and onwards, represents a critical element in the integration of the occipito-parietal 
projection system. It is involved in the visual location of objects and is also essential 
in determining action-oriented behaviours dependent on the perception of space 
(Goodale et al., 1992; Mishkin et al., 1983). A parietal area showing particularly 
heightened regional blood flow was the superior parietal cortex, part of Brodmann 
area 7, which represents a point of convergence between vision and proprioception, 
and allows to determine where objects are in relation to parts of the body 
(Scheperjans et al., 2008a; Scheperjans et al., 2008b). 
 
A large part of the parietal cortex however, is not directly involved in the processing 
of external stimuli; rather, it represents an intrinsic functional system of the brain, 
which deals with complex internal mental processing (Golland et al., 2006). This 
system, as defined by several neuroimaging studies, has been termed the default 
mode network (DMN), and represents an organized mode of brain function active 
when the brain is at rest and suspended during specific goal-directed behaviours 
(Raichle et al., 2001; Shulman et al., 1997). The DMN allots a large amount of the 
brain’s energy to create a ‘self-centred predictive model of the world’ (Raichle, 2010) 
and has an essential role in monitoring the internal mental landscape through the 
functions of autobiographical cognitive activity, self-monitoring and spontaneous 
cognition (Greicius et al., 2003; Qin et al., 2011). It has also been proposed as a 
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marker of an individual’s degree of consciousness (Crone et al., 2015; 
Vanhaudenhuyse et al., 2010).  
The DMN consists of three subdivisions: the ventral medial prefrontal cortex, the 
dorsal medial prefrontal cortex and the posterior cingulate cortex with the adjacent 
precuneus. The precuneus, together with the PCC, constitute the posterior elements 
of the default mode network, which are strongly linked to the recollection of prior 
experiences, involving both the external and internal world (Raichle, 2015). Recent 
neuroimaging studies further emphasize the core role of the precuneus as a 
specialized hub within the DMN, and more broadly as a key processing region in 
various brain states (Utevsky et al., 2014). The fact that the precuneus showed 
increased blood flow bilaterally could potentially signify an increased function within 
the default mode network in VS patients. 
 
5.3.2 Posterior cingulate and midcingulate cortex deactivations 
The PCC was also highly relevant in this ASL analysis. Not only did this area show 
increased rCBF with respect to controls in the whole-brain analysis; it conversely 
showed a decreased rCBF in its most anterior region (anatomically verging on the 
posterior midcingulate cortex) when visual snow patients were subject to visual 
stimulation. This decreased activation did not appear in controls, unlike the 
widespread and bilateral increase activation over the primary and secondary visual 
cortices, following the stimulation, that was common to all subjects (Figure 5.4).  
The posterior midcingulate cortex is anatomically and functionally connected to the 
parietal cortex, modulating multisensory action and allowing the orientation of the 
body in space in response to sensory stimuli (Vogt, 2016). Several neuroimaging 
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studies have further linked this area to ‘catastrophizing’, which is a cognitive strategy 
often encountered in subjects that cope with chronic conditions. The deactivation of 
these areas in visual snow patients only, when subject to a ‘simulated snow’, could 
further implicate a global dysfunction of sensory integration networks common to 
the condition. 
 
5.3.3 Attention, executive and salience networks 
The more medial aspects of the precuneus - along with the middle cingulate cortex, 
dorsolateral prefrontal cortex, inferior parietal lobule, dorsal frontal cortex and 
intraparietal sulcus - are also an element of an intrinsic functional connectivity 
network known either as the fronto-parietal (FP) network or central executive 
network (CEN) (Fair et al., 2007). This brain control system is involved in attentional 
control, by exerting a continuous adaptation and adjustment of goal-directed 
behaviour in a top-down fashion (Dosenbach et al., 2007). The CEN is critical for the 
active maintenance and manipulation of information in working memory, and for 
judgment and decision making (D'Esposito, 2007; Müller et al., 2006). As opposed to 
the DMN, the CEN is a ‘task-positive’ attention network that can, however, be 
identified also during resting state when the brain is not focused on the outside world 
(Michael D. Fox et al., 2006; M. D. Fox et al., 2005).   
 
The FP network is directly connected in its function with the cingulo-opercular 
network (CON), more recently termed the salience network (SN) (Seeley et al., 2007). 
This system includes the bilateral anterior insula, dorsal anterior cingulate cortex, 
frontal operculum, presupplementary motor area (Dosenbach et al., 2006), anterior 
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prefrontal cortex and thalamus (Dosenbach et al., 2007). The SN has a specific role in 
integrating different internal and external sensory inputs to evaluate their ‘salience’ 
(Sadaghiani et al., 2014) allowing the selection and integration of relevant 
information amongst the myriad of stimuli reaching our brain. It is thought that the 
SN and FP networks work in parallel in order to perform and control different 
cognitive tasks, such as executive functioning, visuospatial perception, episodic 
memory and motor control, among others (Dosenbach et al., 2008; Sestieri et al., 
2014). In this endogenous top-down control process, visceral, autonomic, and 
sensory data are integrated to assess their relevance for the purpose of general 
homeostasis.  
 
5.3.4 Insular activations in response to a visual stimulus 
The insular lobe of Reil has a pivotal function in the context that has been described 
up to here, as it relays different somatosensory inputs to other areas of the limbic 
system (Shelley et al., 2004). The anterior insula, in particular, is considered an 
integration hub for dynamic interactions between the default mode and central 
executive networks (Menon et al., 2010). A current leading hypothesis is that the 
salience network, specifically through the right anterior insula (Sridharan et al., 
2008), constantly modulates a switch between the internally oriented self-related 
cognition of the DMN and the externally goal-directed attention of the CEN (Menon, 
2011; Nekovarova et al., 2014), essentially creating a link between exogenous and 
endogenous control (Figure 5.6). 
The fact that this region would exhibit an increased activation when analysing the 
interaction between group and task (Figure 5.5) is important. It may have been 
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expected for a snow-like stimulus to be less salient in patients with VS compared to 
healthy subjects. However, from the perspective of a widespread altered excitability 
of neuronal and cortical networks, secondarily leading to increased sensitivity of 
multiple sensory pathways in VS (Ffytche et al., 2010; Lauschke et al., 2016), this 
finding is perhaps less surprising. Such a mechanism could explain the constant 
perception of sub-threshold stimuli or even, as has been shown in other fMRI studies 




Figure 5.6 Interaction between the default mode network, salience network and 
central executive network. 
Reproduced from (Nekovarova et al., 2014). ACC, anterior cingulate cortex; DPLFC, 
dorsolateral prefrontal cortex; PPC, posterior parietal cortex; mPFC, medial prefrontal 




5.3.5 Visual motion network involvement 
As described above, V5 is the brain area that specializes in processing and computing 
visual motion (Tootell et al., 1995; Zeki et al., 1991). The fact that the ASL data 
showed an increased regional cerebral blood flow in V5 - as part of a large parieto-
occipital cluster from the whole brain analysis - in visual snow may be relevant. 
Another element of the visual motion network that showed activation in this analysis 
were the frontal eye fields, which have a significant role in visuo-spatial attention 
(Schall, 2004).  
Further, the sensorimotor anterior region of the precuneus has been shown to 
connect directly to the supplementary motor area (Margulies et al., 2009), another 
region significantly emerging from this ASL analysis. The important role of the SMA 
in cognitively demanding tasks (Cabeza et al., 2000) and in the control of movement, 
in particular when internally generated or visually guided (Brooks et al., 2000; Picard 
et al., 2003), further suggests that this area might be relevant in VS.  
Collectively, the involvement of these areas in visual snow could either represent a 
compensatory brain mechanism for the continuous perception of moving objects, or 
rather in itself be responsible for the generation of the moving visual illusion that 
features the syndrome. 
It is relevant to note that the visual stimulus chosen to mimic visual snow here was 
not designed with the specific purpose of activating the motion pathway. Conflicting 
literature in fact exists on the topic, with most studies showing that random non-
coherent motion results in low activation for the motion pathway but rather of area 
V1 (Braddick et al., 2001; Snowden et al., 1991), and others showing that an 
incoherent static stimulus can indeed activate V5 as well (McKeefry et al., 1997). The 
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choice of this stimulus was based on the idea of mimicking the percept of visual snow. 
The fact that differential activation of the motion pathway in visual snow patients 
was found at rest, as well as in response to the task with pCASL, seems to suggest 
that the findings are independent of the stimulus and are therefore a feature of VSS 
itself. 
 
5.3.6 The cognitive cerebellum  
It is well known that the posterior cerebellum has a relevant role in complex cognitive 
processing operations in the brain, through associative cerebro-cerebellar networks 
(Schmahmann, 2004). This pCASL analysis showed an increased regional blood flow 
in VS patients in a specific region of the posterior cerebellum, involving mostly lobule 
VI and partly Crus I in the left hemisphere. These areas are a key part of the ‘cognitive 
cerebellum’ (Stoodley et al., 2009) and have been shown to activate during attention, 
language, working memory, executive functions or spatial tasks in several fMRI 
studies. Interestingly, activation in lobule VI during spatial processing functions is 
highly left-lateralized, and this is very much in line with our data. Furthermore, 
activity in lobule VI and Crus I show high correlation with activation of the salience 
and executive control networks respectively (Habas et al., 2009). It is important to 
note that the left lobule VI showed an increase in grey matter volume in the VBM 




5.3.7 Primary auditory cortex 
It cannot be excluded that the increase in blood flow to the primary auditory cortex 
found here was, at least in part, linked to the high levels of concomitant tinnitus seen 
in the VS patient cohort (Table 6) (Arnold et al., 1996). The comorbidity between VS 
and tinnitus is indeed interesting, and was already touched upon in the clinical 
phenotypical analysis (chapter 2.3). There is increasing literature suggesting that 
phantom perceptions, present equally and for different sensory modalities in both 
tinnitus and visual snow, represent a widespread network phenomena (Hullfish et 
al., 2019), which is not limited to the involvement of the relevant primary sensory 
cortices (De Ridder et al., 2014; Sedley et al., 2016). The data here strongly supports 
this ‘dysfunctional network’ theory, which could also be a key element of visual snow 
pathophysiology. 
 
5.3.8 Lingual and fusiform gyri 
This rCBF analysis found no direct activation in the lingual gyrus, an area that was of 
interest given the previous PET study in VS (chapter 1.3). It is possible that a 
difference in imaging techniques played a role in this result. On the other hand, the 
present data show significant involvement of areas in close anatomical and 
physiological proximity to the lingual gyrus. In particular, the fusiform gyrus, which is 
part of the associative visual cortex, showed increased activation in visual snow 
patients. Importantly, dysfunctional visual processing, as detected through the use 
of visual evoked potentials, has been attributed to involvement of areas in the 
extrastriate visual cortex in VS (Eren et al., 2018). The FG, as the primary area 
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involved in generating the N145 phase of visual evoked potentials, was described as 
a pivotal structure in the outcome of this particular study that showed increased 
N145 latency in patients, thus suggesting changes in higher order visual post-
processing in visual snow. 
 
5.3.9 Limitations 
A potential limitation for this experiment was related to the absence of a fixation 
requirement during the visual task, as well as eye tracking, which could have caused 
group differences in eye movement behaviour to explain at least part of the 
differences in localized rCBF. Free viewing was chosen over fixating on a cross with 
the specific purpose of avoiding the pattern of brain activations typical of the act of 
fixation (Anderson et al., 1994). This does however make it difficult to exclude that 
the two groups may have had different patterns of free viewing eye movements that 
were not controlled for. However, given that the known network of eye movement 
regions are different to the areas of altered rCBF found here, particularly with regards 
to the absence of any involvement of ventrolateral and dorsolateral prefrontal 
cortices (Ettinger et al., 2007), it is unlikely that they were due to an artefact of eye 




6 Functional connectivity in visual snow 
This chapter will outline the methods, results and discussion for the functional 
connectivity part of the MRI project. 
 
6.1 Functional connectivity fMRI methods 
ME-EPI images sensitive to BOLD contrast were acquired to measure hemodynamic 
responses, both at rest and during visual stimulus, with the following parameters: TR 
= 2500 ms; TE = 12, 28, 44, 60 ms; flip angle = 80°; FOV = 240 mm; matrix = 64x64; 
slice thickness = 3 mm; 32 axial sections collected with sequential (top down) 
acquisition and 1-mm interslice gap; in-plane resolution = 3.75 mm. Total acquisition 
time for each fMRI acquisition was around 10 min.  
 
After resetting of the origins for both T1-weighted and ME-EP images, the 60 ms echo 
was discarded due to low signal. The remaining three echoes were taken forward to 
preprocessing as described below. The ME-EPI echoes were separated into distinct 
time series (corresponding to the three remaining individual echoes), which were 
then de-spiked using 3dDespike in the Analysis of Functional NeuroImages (AFNI) 
framework (https://afni.nimh.nih.gov), and slice time corrected. Parameters for 
motion correction were estimated for the first echo, and subsequently applied to the 
other echoes; all ME-EP images were then co-registered to the T1 scan. All echoes 
were spatially normalized to the study-specific template, and from there to MNI 
space. Finally, the images from all echoes were z-concatenated for further 
processing, i.e. the space-bytime matrices from each echo were appended to one 
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another in the z-direction to form a single matrix using the 3dZcat function in AFNI. 
TEDANA, a python script that forms part of the Multi Echo Independent Component 
Analysis (MEICA) package (https://afni.nimh.nih.gov/ 
pub/dist/src/pkundu/meica.py) (P. Kundu et al., 2012; Prantik Kundu et al., 2017) 
was called to perform TE dependent ICA-based denoising and T2* weighted 
averaging (optimal combination) of echoes. The denoised, optimally combined 
images were subsequently regressed out for motion correction, white matter signal 
and cerebrospinal fluid signal. Band-pass-filtering was applied with AFNI (frequency 
range 0.08–0.01 Hz).  
 
Eight unilateral seeds were defined based on previous hypotheses (see section 0) and 
following anatomical areas of interest in the visual network, as well as on results that 
came from the pCASL analysis, which was completed earlier (section 5.2). These were 
namely: the right pulvinar (Pv); right primary visual area V1 (V1); right motion area 
V5 (V5); right lingual gyrus (LG); left cerebellum lobule VI (Cb); posterior midcingulate 
cortex/posterior cingulate cortex (pMCC/PCC); right parietal lobules/precuneus 
(PL/PCu) and right insula. The pMCC/PCC, PL/PCu and Cb ROIs were created as binary 
masks from the positive clusters deriving from the group-level pCASL analysis. 
Anatomical ROIs for the remaining areas were created with the ‘wfu_pickupatlas 
Anatomical Library’ and the ‘Juelich Histological Atlas’ as detailed in section 4.1. The 





Figure 6.1 Location of main seed regions (in cyan) for the connectivity analysis. 
 
 
The resting and visual stimulus connectivity data were analysed using a voxel-wise 
general linear model. A second-level whole brain voxel-wise flexible-factorial design 
using two-way ANOVA allowed analysis of changes in connectivity related to group 
and stimulus effect. Post-hoc analyses with migraine as a covariate were also run. 
Finally, a psychophysiological interaction (PPI) analysis (KJ Friston et al., 1997) was 
performed, using the visual task (snow simulation) as the psychological condition and 
the V1 and V5 seeds as regions of interest. BOLD activity for the PPI was quantified 




6.2 Functional connectivity analysis: results 
6.2.1 Group effects 
To test the hypothesis that individuals with VS would show altered functional 
connectivity of the visual network relative to HCs, following Fisher’s r-to-Z 
transformation of connectivity r-maps, whole-brain connectivity for each visual 
network seed (Pv, V1, V5, LG) between groups was compared, both during the resting 
state and in the presence of the visual stimulus. This analysis revealed hyper- and 
hypoconnectivity in VS compared to HCs between key visual areas and the rest of the 
brain, as outlined below. No difference in connectivity between groups was found in 
the whole-brain analysis for the LG seed. 
As detailed in the methods, given that the pCASL analysis was completed before, 
clusters in the pMCC/PCC, parietal lobules/precuneus and cerebellar lobule VI (Table 
8, Figure 5.2) from the ASL group-level comparison were used as regions of interest 
for the connectivity analysis. These structures are respectively part of the default 
mode (PCC/PCu) and the executive (PL/Cb) networks, and are implicated in 
important sensory and cognitive tasks. 
 
A summary of the increased and decreased connectivity for the main effect of group, 
both at rest and during the stimulated condition, that was found between these six 
ROIs (Pv, V1, V5, pMCC/PCC, PL/PCu, Cb) and the rest of the brain is detailed in Table 
9.  
Figure 6.2 shows the main differences between the two subject groups during the 
rest condition, whereas Figure 6.4 shows main differences between the two subject 
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groups during the visual stimulus condition. Figure 6.3 and Figure 6.5 show plots for 
the mean beta values of the clusters with highest T scores from these analyses, 
respectively at rest and during the visual stimulus.  
 
Pulvinar 
Compared to the healthy controls, VS patients in the rest condition showed a greater 
connectivity between the right pulvinar and the right postcentral gyrus (PoG) and 
supramarginal gyrus (T = 4.32; k = 382; p = 0.05; x = 50 y = -20 z = 46). When 
determining the effects of interest and examining the mean beta values of each 
group, it was ascertained that VS patients had a close to null coupling between these 
two areas, where controls showed anti-correlation (i.e. negative connectivity values, 
Table 9). A significantly reduced connectivity between the Pv and the bilateral 
caudate nuclei (T = 4.68; k = 967; p < 0.001; x = -12 y = -6 z = 16; Figure 6.2) was also 
found, in VS patients with respect to HCs. 
When exposed to the task condition, patients with VS showed a significantly positive 
coupling between the Pv and the right lingual gyrus (T = 4.27; k = 410; p = 0.04; x = 
26 y = -54 z = -2; Figure 6.4), which was conversely close to null in controls (Figure 
6.5). 
V1 
In the VS group, compared to HCs, there was evidence of greater connectivity at rest 
between the right primary visual cortex and the left SMG and postcentral gyrus (T = 
4.54; k = 346; p = 0.05; x = -64 y = -20 z = 32; Figure 6.2). When lowering the statistical 
threshold, this area included the frontal eye fields (FEFs) and was present on the 
contralateral hemisphere as well. 
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During the task condition, patients with VS exhibited significantly greater coupling 
than controls between the right V1 and right V5 areas (T = 5.02; k = 332; p = 0.05; x = 
52 y = -64 z = 6; Figure 6.4) and positive or null connectivity rather than anti-
correlation in the postcentral and precentral gyri, SMG, premotor cortex, 
supplementary motor cortex  and FEFs of the same hemisphere (Table 9). 
V5  
At rest, patients with visual snow exhibited significantly reduced connectivity from 
the right V5 area to the posterior cingulate cortex (T = 4.46; k = 554; p = 0.01; x = -6 
y = -52 z = 42; Figure 6.2). Examining the effects of interest showed that, while the 
connection between these two areas was positive in controls, it was negative in VS 
patients (Figure 6.3). 
In the visually activated state, greater connectivity was found between V5 and 
several bilateral occipital, parietal and frontal areas, specifically the right cuneus and 
precuneus, Brodmann visual areas 17, 18 and 19, the FEF, SMG, premotor cortex, 
SMA, superior parietal lobule and intraparietal sulcus (IPS) (Figure 6.4, Table 9). These 
areas also showed positive coupling in controls, however, the connection was 
significantly stronger in VS patients. 
During the task, anti-correlation with the PCC was confirmed as in the resting state, 
and was found as well between V5 and the right temporo-parietal junction (TPJ) (T = 
5.12; k = 928; p < 0.001; x = 44 y = -56 z = 28). 
PL/PCu  
At rest, a significantly positive connectivity between the right parietal lobules/ 
precuneus and the right precentral gyrus/frontal eye fields was found (T = 4.37; k = 
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337; p = 0.004; x = 48 y = 4 z = 36), as opposed to a negative connectivity between 
these areas in controls (Figure 6.2). 
pMCC/PCC 
There was a significantly stronger connectivity in the task state from the pMCC/PCC 
to the bilateral medial precuneus and PCC itself, in VS patients with respect to 
controls (Figure 6.4).  
Cerebellum 
From the cerebellar seed, VS patients in the rest condition showed anti-correlation 
to the PCC and medial precuneus (Figure 6.2), largely overlapping the area found to 
have reduced connectivity with the V5 region.  
Conversely, during the task, there was greater coupling to the right SPL, lateral 
precuneus and PoG (Figure 6.4). 
 
Post-hoc analyses covarying for migraine presence generally revealed the same 
significant clusters for all ROIs with the exception of the cerebellar seed, and 
occasionally requiring a lower cluster-forming threshold of p = 0.005.  
A further post-hoc analysis to investigate contralateral connectivity was performed 
on the main anatomical regions of interest (Pv, V1 and V5) and showed largely 
overlapping results from the left hemisphere, except for the Pv to PoG increased 




ROI Cond. Cont. Brain regions  Mean beta 
values 
k T, p Peak 
coordinates 
VS HC x y z 
Pv Rest VS> 
HC 
R SMG, PoG 
(BA 1,3)  
-0.01 -0.18 382 4.32, 
* 
50 -20 46 




0.09 0.27 967 4.68, 
*** 
-12 -6 16 
 Stim VS> 
HC 
R LG (BA 19) 
 
0.22 0.02 410 4.27, 
* 
26 -54 -2 
V1 Rest VS> 
HC 
L SMG, PoG 
(BA 1,3)  
-0.03 -0.22 346 4.54, 
* 
-64 -20 32 
 Stim VS> 
HC 
R IOG (area 
V5, BA 18,19)  
 
0.24 0.01 332 5.02, 
* 
52 -64 6 
   R SMG, PoG 
(BA 1,3) 
0.00 -0.19 572 4.68, 
** 
58 -24 40 
   R PrG (BA 8, 6, 
FEF) 
0.08 -0.13 696 4.53, 
** 
52 10 28 





-0.13 0.11 554 4.46, 
** 
-6 -52 42 
 Stim VS> 
HC 
Bilateral MOG, 
SOG, IOG, FG, 
(BA 17, 18, 19, 
V1-V3), SMG, 
cuneus 
0.65 0.37 5598 5.71, 
*** 
38   -84 10 
   R SPL/IPS (BA 
7, BA5) 
0.53 0.27 936 5.0, 
*** 
26   -60  60 
   R PrG (BA 8, 6, 
FEF) 
0.41 0.16 420 4.25, 
* 
48 2 38 




-0.25 0.00 6838 6.16, 
*** 
-4  -52   52 
   R TPJ and AG 
(BA 39, BA 40),  
-0.17 0.05 928 5.12, 
*** 
44  -56   28 
PCu Rest VS> 
HC 
R PrG (BA 8, 6, 
FEF) 
0.38 -0.17 337 4.37, 
** 







0.28 0.05 1535 4.12, 
*** 
-4   -50   58 




-0.17 0.01 605 4.44, 
** 
-10  -50   38 
 Stim VS> 
HC 
R SPL/lateral 
PCu, PoG (BA 
2, 1,3) 
0.05 -0.16 685 4.24, 
** 
36  -40  72 
Table 9 Areas of increased and decreased connectivity for main effect of group (VS 
patients versus HC), at rest and during the visual stimulus (stim), from selected ROIs 
to the rest of the brain. 
* is for 0.01 < p < 0.05; ** for p < 0.01; *** for p < 0.001; Cond. = condition (rest or 





Figure 6.2 Main resting state connectivity differences between visual snow patients 
and healthy controls. 
A) Location of selected seed regions (in cyan).  
B) Between-group functional connectivity maps from each seed region to the whole 
brain in VS patients, at rest. Red refers to increased connectivity and blue to 
decreased connectivity compared to HCs. Maps are thresholded at p < 0.001 and 
cluster corrected to p < 0.05. For T and k values refer to Table 9.  
Pv, pulvinar; V1, right primary visual area; V5, right V5 area; PL/PCu, parietal 














Figure 6.3 Plotting of beta values for clusters of highest altered connectivity at rest 
in VS patients compared to HCs. 
A) Location of selected seed regions (in cyan).  
B) Between-group functional connectivity maps in VS patients compared to HCs (as 
in Figure 6.2) with clusters with highest T value circled in yellow. 
C) Plots for clusters in B, with respective bar charts of beta values for the two groups 
(VS in purple, HC in orange). 
Pv, pulvinar; V1, right primary visual area; V5, right V5 area; PL/PCu, parietal 
lobules/precuneus; Cb, left cerebellum lobule VI; Cd, caudate nucleus; PoG, 








Figure 6.4 Main stimulus-based connectivity differences between visual snow 
patients and healthy controls. 
A) Location of selected seed regions (in cyan);  
B) Between-group functional connectivity maps from each seed region to the whole 
brain in VS patients, during the visual stimulus. Red refers to increased connectivity 
and blue to decreased connectivity compared to HCs. Maps are thresholded at p < 
0.001 and cluster corrected to p < 0.05. For T and k values refer to Table 9.  
Pv, pulvinar; V1, right primary visual area; V5, right V5 area; pMCC/PCC, posterior 















Figure 6.5 Plotting of beta values for clusters of highest altered connectivity during 
stimulus in VS patients compared to HCs. 
A) Location of selected seed regions (in cyan).  
B) Between-group functional connectivity maps in VS patients compared to HCs (as 
in Figure 6.4) with clusters with highest T value circled in yellow. 
C) Plots for clusters in B, with respective bar charts of beta values for the two groups 
(VS in purple, HC in orange). 
Pv, pulvinar; V1, right primary visual area; V5, right V5 area; pMCC/PCC, posterior 
midcingulate cortex/posterior cingulate cortex; Cb, left cerebellum lobule VI; LG, 





6.2.2 Functional connectivity analysis - interaction effects 
When analysing the interaction between group (i.e. VS vs. HCs) and stimulus 
condition (i.e. rest vs. visual input), a decreased stimulus-related connectivity 
between the right insula and the anterior-middle cingulate cortex (T = 4.83; k = 505; 
p = 0. 009; x = 2 y = 2 z = 30) and between V5 and the right precuneus (T = 5.29; k = 
440; p = 0.01; x = 24 y = -54 z = 24) was found in VS patients with respect to controls 
(Figure 6.6a-d).  
Specifically, as can be seen in Figure 6.6e, there was a reduction in the insula to ACC 
connectivity between the rest and stimulated condition in both groups, however, this 
was significantly stronger in HCs respect to the patients.  
Connectivity from V5 to the right precuneus, on the other hand (Figure 6.6f), showed 
an opposite behaviour between rest and activation in the two groups. Although both 
VS and HCs showed anti-correlation between these two areas at rest, during the 
visual input the VS group showed a stimulus-related strengthening of the anti-
correlation, whereas controls switched to an increased connectivity during the 






Figure 6.6 Between-group interaction effects of functional connectivity between 
groups (VS patients and HCs) and conditions (rest vs. stimulation). 
The image shows a cluster of decreased task-related connectivity between the right 
insula seed (A) and the anterior-middle cingulate cortex (C) and between the V5 seed 
(B) and the right precuneus (D). On the right, plots for the mean beta values of the 
conditions (E and F, respectively). 
 
 
6.2.3 Functional connectivity analysis - psychophysiological interactions 
Three subjects (two HCs and one VS) were excluded from the final PPI analysis due 
to the distance of their individual peaks (≥6 mm) from the peak coordinate of the 
chosen seeds.  
For the V1 seed there were no areas of significant coupling changes, in response to 
the visual stimulation, to any other area of the brain, both within and between the 
patient and control groups. 
From the right V5 seed, on the other hand, while controls showed no areas of 
increased or decreased coupling to the rest of the brain, patients showed a significant 
decrease in the visual stimulation-dependent connectivity between V5 and a cluster 
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involving the cuneus on the left side (T = 5.97; k = 645; p = < 0.001; x = -4 y = -92 z = 
30), corresponding to Brodmann areas 18 and 19 and particularly involving area V3 
and V3A (Figure 6.7). 
This result, even though it did not reach significance in the between-group 
comparison, seems to show that VS patients, unlike HCs, present a reduced 
modulation of V5 to V3/V3A connectivity, and therefore of within-visual motion 




Figure 6.7 Results of psychophysiological interactions in VS patients, showing 




6.3 Discussion of connectivity analysis  
The resting state analysis results demonstrate several features that, taken 
collectively, highlight a pattern of widespread dysfunctional connectivity 
characterizing the visual snow brain. These results also build on the data coming from 
ASL (chapter 5.2), and essentially confirm the working hypothesis of a dysfunction in 
large-scale intrinsic brain connectivity networks taking place in VS, which will be 
explained in detail further, proceeding from subcortical areas to higher-order 
processing networks. To summarize, several regions within the visual network 
showed altered connectivity amongst themselves, as well as with numerous other 
important areas, such as the basal ganglia, the frontal eye fields and the attention 
networks. Key elements of the DMN and salience network also presented relevant 
disruptions of functional coupling. Further, connectivity between certain brain 
regions exhibited an opposite response to an external visual task in VS, with respect 
to what was seen in healthy subjects. Finally, the PPI results suggest a reorganization 
of coupling within the associative visual cortices in visual snow, and in particular of 
the motion network, in response to a visual task.  
 
6.3.1 Pre-cortical visual pathways 
To investigate the hypothesis of thalamo-cortical dysrhythmia, as well as simply to 
study the role of the thalamus in visual snow, connectivity from the pulvinar to the 
rest of the brain was studied with a targeted seed. The Pv, part of the ‘visual 
thalamus’ is essential in selecting which visual stimuli are relevant for the brain 
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(Robinson et al., 1992), and was thus part of the areas suspected to have a direct 
involvement in VS pathophysiology, as explained in chapter 0.  
The finding that at rest, the pulvinar in VS has reduced connectivity to the bilateral 
dorsal aspects of the caudate nuclei is relevant. The tail of the caudate nucleus is part 
of the visual cortico-striatal loop (VCSL), which is directly implicated in visual learning, 
due to its recurrent and independent projections to higher order visual cortices 
(Alexander et al., 1986). The VCSL has the role of categorizing alternative 
representations of visual information, by selecting and reinforcing relevant 
peripheral stimuli for further processing and by conversely inhibiting irrelevant 
‘error’ stimulations (Seger, 2013), through a form of feedforward predictive coding 
that is essential for sensory brain systems (K Friston et al., 2009; Rao et al., 1999). In 
this context, a bottom-up disruption of the circuitry, such as was found in visual snow 
subjects, could potentially allow for incorrect ascending noise-like information to 
reach higher hierarchical levels, thus creating a mismatch between the default 
prediction of the world and a noise-like perception that would normally be cancelled 
out by the brain. 
The functional connectivity results also showed that, during the visual task, post-
thalamic visual pathways from the pulvinar to the lingual gyrus have strengthened 
connectivity in patients with visual snow. This heightened connection could alone 
explain the experience of photophobia in VS - present in over 80% of patients (Table 
4) - given that the both the Pv (Schwedt et al., 2013) and the lingual gyrus (Denuelle 
et al., 2011) have shown a significant involvement in the symptom of photophobia, 
in studies done in migraineurs. However, in the broader picture, it is also possible to 
speculate that this increased connectivity of the pre-cortical visual pathways in VS 
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could be one of the underlying phenomena driving a wider cortical network 
dysfunction, as it is line with a dysfunction of the described gating system, which 
could ultimately be causing reduced filtering of incoming visual information.  
This result further provides a possible explanation of the finding of VS-related 
increased metabolism in the right lingual gyrus seen with [18F]-FDG PET (Schankin et 
al., 2014b). 
 
6.3.2 Striate visual cortex involvement 
The primary visual cortex in VS patients presented increased coupling to the 
ipsilateral frontal eye fields, the supramarginal gyrus, the premotor cortex and the 
supplementary motor area. This heightened connectivity was observed primarily in 
the presence of the visual stimulus, however, lowering the statistical threshold 
allowed ascertainment that it was a feature of the resting condition as well. These 
connections were opposite to what was found in healthy subjects, meaning that the 
areas showed a blunted coupling where healthy brains exhibited anti-correlation.  
Further, VS patients showed a powerful increase in the connectivity between V1 and 
V5, in the context of the visual stimulus. 
An increased connection between dorsal parietal areas and V1 could represent a 
strengthening of the dorsal visual stream, which (as outlined in chapters 0, 4.3 and 
5.3.1) is involved in the integration of vision and proprioception. 
The frontal eye fields and SMG direct visual attention and gaze through the 
generation of active saccades (Schall, 2004) and antisaccades (Ettinger et al., 2007), 
and are thus essential for the control of visual awareness and visuo-spatial attention 
(Vernet et al., 2014). An opposite connection between the visual cortex and these 
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regions, in respect to what is seen in healthy controls, could therefore represent a 
fundamental alteration of the physiological processes of selecting stimuli that are 
relevant for the brain and determining how to direct visual attention, in VS subjects. 
The SMA and premotor cortex, on the other hand, are prerequisite for the control of 
movement (Rizzolatti et al., 1981). The hyperconnectivity between these areas and 
the primary visual cortex, antithetic to normal connections and regardless of the 
underlying brain condition, could potentially suggest a compensatory brain 
mechanism for the continuous perception of moving objects, as is seen in visual 
snow. It is also relevant that these areas showed increased blood flow in VS patients 
in the pCASL analysis (Table 8). 
 
6.3.3 Visual motion network connectivity 
In the visually active state, the entire visual motion network showed hyper-
integration in VS patients, both within its sub-compartments - in the form of 
increased coupling from V5 to the striate and extrastriate visual cortices - as well as 
with other brain areas, mostly pertaining to the dorsal attention network (DAN), such 
as the SPL and FEF. As has partly been explained (5.3.3) this network enables the 
selection of stimuli based on endogenous expectations and external cues (Corbetta 
et al., 2000; Hopfinger et al., 2000), facilitating appropriate cognitive and motor 
responses that are necessary to orient and allocate attention within the brain, in a 
top-down fashion (Corbetta et al., 2008). 
Anatomically and functionally distinct from the dorsal attention network, is the 
ventral fronto-parietal attention network, predominantly located in the temporo-
parietal junction and the ventral frontal cortex of the right hemisphere (Corbetta et 
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al., 2002). This group of brain regions responds to the detection of new behaviourally 
relevant stimuli that are outside of the focus of attention defined by the dorsal 
attention network, and is responsible for refocusing attention to these unexpected 
and otherwise unattended external cues (Michael D. Fox et al., 2006). 
It is extremely interesting to find that several parts of the ventral attention network, 
in particular the TPJ, angular gyrus and supramarginal gyrus (see Table 9), are 
conversely less integrated with the visual motion network in VS patients in the active 
state. This could potentially mean that in visual snow, the brain is exhibiting a 
reduced capacity of refocusing visual attention to environmental stimuli - particularly 
for the detection of motion - to environmental stimuli, while it is allocating increased 
resources to the integration of internal and pre-existing sensory information, via the 
dorsal attention network. 
Further, in visual snow the main motion network area V5 was less connected to the 
PCC, regardless of the brain activity state; it also strengthened its anti-correlation to 
the right precuneus, when exposed to the visual task, as opposed to controls (Figure 
6.6f). As already described, both these regions form part of the posterior node of the 
DMN. 
Finally, the PPI analysis performed here showed a decreased connectivity between 
V5 and V3/V3A areas in visual snow patients, in response to a visual task. This result 
highlights a reduced modulation of the associative visual cortices in the context of an 
external stimulus in visual snow, and thus seems to confirm the hypothesis of a 
reorganization taking place within visual motion network. The fact that this result did 
not reach significance in the comparison between groups could be due to a power 
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issue, a common cause of false-negative effects in psychophysiological interaction 
analysis (O’Reilly et al., 2012).  
 
6.3.4 Default mode and salience network dysfunction 
As explained, the DMN represents a group of cortical areas that are specifically active 
during a non-task state and suspended during goal directed behaviours (Raichle et 
al., 2001). When placing a seed within the posterior node of the DMN, it was found 
that patients with visual snow exhibited functional disruptions of its activity, both 
during the resting and stimulated states. This was represented by an increased 
connectivity at rest between the precuneus and the frontal eye fields (part of the 
dorsal attention network), and by a hyper-integration between the dorsal MCC and 
PCC itself in response to the visual stimulus. It was also confirmed by the anti-
correlations found between V5 and the PCC and between the PCC and the 
cerebellum, again in an area specifically associated with the attention and executive 
networks (Guell et al., 2018).  
Further, results showed that the ACC and the anterior insula had abnormal coupling 
when the VS brain was requested to process normal external stimuli (Figure 6.6).  
 
In this view, if one takes together the findings of reduced connectivity between lower 
and higher hierarchical nodes of the visual pathway (as explained in 6.3.1), of altered 
coupling between the DMN and dorsal attention network, and of aberrant coupling 
within the salience network itself (IN to ACC), it is possible to hypothesize a disruption 
within the normal integration of internal stimuli and of the processing of salient 
stimuli from the outside world, in visual snow. This dysfunctional salience, facilitated 
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by the hyper-integration of the visual motion network and its reduced connections 
to the DMN and ventral attention networks, could perhaps be causing the brain to 
misattribute salience to internal stimuli that would normally be considered as 
irrelevant, and to not appropriately ‘switch’ (as shown in Figure 5.6) between internal 
and external attention, thus causing a constant, moving, ‘noise-like’ perception. 
Whether these disruptions are due to aberrant nodes or aberrant architecture within 
the brain networks, and whether they are in fact a primum movens for the genesis of 
visual snow perception or rather a down-stream effect of the perception itself, will 
need to be determined by future studies. 
 
6.3.5 Limitations  
This part of the imaging study did not specifically investigate all regions of interest 
bilaterally. This was done initially to avoid errors due to multiple testing. Given the 
strongly significant results, a post-hoc comparison of the main seeds of interest in 
the contralateral hemisphere was performed. From the evidence of this analysis, it 
appeared that the connectivity changes reported generalise to both hemispheres, 
rather than being specific to one or the other. 
Analogous limitations related to the absence of eye tracking discussed in chapter 
5.3.9 relate to the functional connectivity analysis as well. It is indeed possible that 
different patterns of free viewing eye movements between the two groups were an 
explanation for some of the functional connectivity differences found here. However, 
even if connectivity alterations did involve the frontal eye fields, they did not 
specifically involve other important areas for the generation of active saccades and 
antisaccades, such as the ventrolateral and dorsolateral prefrontal cortices.  
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7 Functional imaging in visual snow: BOLD and MRS 
This chapter will outline the methods, results and discussion for the task-based fMRI 
and MRS parts of the MRI project. The data presented in this chapter are currently in 
press (Puledda et al., 2020a). 
 
7.1 Task-based fMRI methods 
Functional magnetic resonance echo-planar images were acquired with the following 
parameters: TR = 2000 ms, TE = 28 ms, FA = 75°, 64 x 64 matrix. Each whole-brain 
image contained 38 3 mm axial slices with a gap of 0.3 mm with 192 time points. As 
described in section 3.3, the fMRI experiment was characterized by a block-design 
paradigm of a visual stimulation mimicking the visual snow and rest blocks of 40 
seconds each. 
Data pre-processing included manual reorientation to the anterior commissure, co-
registration and image realignment, spatial normalization via unified segmentation 
into MNI stereotactic space, and spatial smoothing (FWHM 8mm).  
 
First level voxel-wise analysis was performed using a general linear modelling 
approach based on subject-specific responses for the visual task. Each participant’s 
head movements were modelled as nuisance regressors. A regressor encoding the 
blocks of task-stimulus was convolved with the haemodynamic response function, 
with the blank screen condition left un-coded to serve as an implicit baseline. T-
statistic maps were calculated for the parameter estimates (beta values) of the main 
stimulus regressor. The resultant parameter estimates for the conditions of interest 
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(increases and decreases in BOLD signal) were taken forward to a whole-brain 
random-effects analysis to test for the effect of task (blank screen vs. visual stimulus) 
and group (patients vs. controls). The following variables: subject age, gender, 
handedness, migraine and tinnitus presence were added as covariates in the model. 
An anatomical ROI was created for the right lingual gyrus using the ‘wfu_pickupatlas 
Anatomical Library’ (see chapter 4.1). This area corresponded to the spectroscopy 
voxel of interest (chapter 3.3, Figure 3.1). Based on the a priori assumption that the 
lingual gyrus would show activation to the visual stimulus, beta values of BOLD signal 
were extracted and correlated with MRS metabolite values.  
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7.2 Magnetic resonance spectroscopy methods 
As described in section 3.3, spectroscopy was acquired over a 1.5x3x1.5 cm3 voxel 
placed over the right lingual gyrus (Figure 3.1). 
T1-weighted images were used for voxel placement and for tissue segmentation. 
Prior to collection of MRS data, an automated prescan was performed to optimise 
transmit and receive gains and to optimise linear shimming gradients to improve 
homogeneity of the magnetic field within the voxel of interest. Acquisition 
parameters were: TR = 3000 ms, TE = 30 ms, number of averages = 96, bandwidth = 
5 kHz, number of points = 4096. Unsuppressed water reference spectra (16 averages) 
were also acquired. The total acquisition time was six minutes.  
 
MRS data was processed using Linear Combination Model (LCModel), version 6.3-1L 
(Provencher, 1993, 2001), using an experimentally acquired basis set (acquired at the 
same field strength and echo time as the in vivo data) to calculate water-scaled 
metabolite concentrations. The structural 3D IR-SPGR was segmented into grey 
matter, white matter and cerebrospinal fluid fractions using a Matlab script and SPM-
12, by creating an image of the MRS voxel in the same coordinate space as the 
structural image and subsequently calculating the averages of the GM/WM/CSF 
fractions in the 3D GM/WM/CSF images that lie within the MRS voxel. 
Each individual's metabolite concentrations were corrected for partial volume 






𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒𝑟𝑎𝑤 ∗ (43300 ∗ 𝑓𝐺𝑀 + 35880 ∗ 𝑓𝑊𝑀 + 55556 ∗ 𝑓𝐶𝑆𝐹)
35880 ∗ (1 − 𝑓𝐶𝑆𝐹)
 
in which 43300 mM, 35880 mM, and 55556 mM are the water concentrations for 
GM, WM, and CSF, respectively. 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 represents the metabolite 
concentration from the grey and white matter proportion of the MRS voxel. The 
numerator corrects for differing tissue water concentrations for the unsuppressed 
water reference, while the denominator corrects for assumption that CSF is free of 
metabolites. The additional factor of 35880 in the denominator is applied because 
the default LC model analysis assumes the voxel is pure white matter. Apart from 
assuming T2 = 80 ms for tissue water, no further corrections were applied for 
metabolite and tissue T1 and T2 relaxation. 
The spectra signal-to-noise ratio, line width and Cramér Rao lower bound (CRLB) 
error estimates (for each metabolite) reported by LC model were used as quality 
control measures. LC model fitted spectra were visually inspected for artefacts. 





7.3 Combined results of BOLD and MRS 
 
7.3.1 BOLD fMRI analysis - Within group comparison (task effects) 
A one-sample t-test within each group for the effect of the visual task, showed a large 
cluster of BOLD activation involving the primary and secondary visual cortices 
bilaterally. These areas were largely overlapping in both patients and controls. In 
patients, the cluster had the following characteristics: k = 8370 voxels, MNI peak 
voxel coordinates x = 10, y = -92, z = -6. In controls, the cluster had the following 
characteristics: k = 7942 voxels, MNI peak voxel coordinates x = 18, y = -96, z = -8.  
Greater responses at baseline than during visual stimulation (deactivations) were 
found in five clusters in patients and two clusters in controls, involving the 
periventricular areas bilaterally, as well as, in patients only, the middle frontal gyrus, 
superior frontal gyrus, FEFs, supramarginal gyrus, frontal operculum and right insula.  
















Group,  Cluster description 
 
k  p value T Peak coordinates 
Contrast  x y z 
VS,  
Act 
Bilateral primary and 
secondary visual cortices, 
lingual and fusiform gyrus, 
BA 17-18-19 




areas, cuneus, precuneus, 
LG 
3862 <0.001 7.73 20 -38 14 
 R middle frontal gyrus, R 
superior frontal gyrus, FEF, 
BA 8-9-10 
1013 <0.001 5.66 34  38   28 
 L precentral and L post 
central gyrus, BA 4-7-31 
297 0.024 4.96 -24  -28   36 
 R frontal operculum, R 
inferior frontal gyrus, R 
insula, BA 13-22 
685 <0.001 4.91 50 10 0 
 R supramarginal gyrus, R 
inferior parietal lobule, BA 
40-2 
288 0.027 4.75 56 -42 44 
HC,  
Act 
Bilateral primary and 
secondary visual cortices, 
lingual and fusiform gyrus, 
BA 17-18-19 
7942 <0.001 15.87 18 -96 -8 
 L precentral gyrus, L 
inferior frontal gyrus, BA 
45-6 




areas, cuneus, precuneus, 
LG 
6075 <0.001 12.02 -24 -50 8 
 L postcentral gyrus 921 <0.001 4.66 -20 -32 54 
 
Table 10 Brain areas of differential BOLD response to visual stimulus in patients and 
controls. 
Cluster coordinates are shown in MNI space with relative T scores and k values.  
VS = visual snow patients; HC = healthy controls 






Figure 7.1 Areas of increased (red/yellow) and decreased (blue/green) BOLD signal 




7.3.2 BOLD fMRI analysis - Patients vs. controls (group effects) 
A whole-brain voxel-wise analysis revealed one significant cluster of difference in the 
BOLD response of patients with respect to controls, located in the left anterior insula 
(MNI peak voxel coordinates: x = -34, y = 12, z = -6) of k = 291 voxels. This area is 
shown in Figure 7.2a. A cluster could also be seen in the contralateral side; this did 
not reach significance in the whole-brain analysis but did for correction within an 
anatomically derived insula mask (created in the ‘wfu_pickupatlas’) (MNI peak voxel 
coordinates: x = 44, y = 14, z = -2; k = 83) (Figure 7.2b).  
When examining the mean beta values and plotting for the effect of group, these 
bilateral insular clusters were found to reflect a greater deactivation (i.e. greater 
BOLD activity at baseline than during the visual stimulus) in VS patients compared to 
controls (Figure 7.2, lower panel).  








Figure 7.2 Analysis for BOLD group differences in patients vs. controls.  
Plots of mean beta values for effects of group for the respective clusters are shown 
on the bottom part of the image. a) Whole brain analysis showing a reduction of BOLD 
signal in patients in the left anterior insula (k = 291; p = 0.025; MNI coordinates: x = -
34, y = 12, z = -6). b) SVC with anatomical mask over the right anterior insula, showing 
a significant reduction of BOLD signal in patients (k = 100; p = 0.003 MNI coordinates: 





7.3.3 MR spectroscopy 
One subject in the control group did not have a spectroscopy scan. Further, one 
patient had low spectrum signal-to-noise ratio (SNR = 7.0) and was excluded from 
the analysis.  
Figure 7.3 shows an example spectrum for one subject. The average SNR of the 
remaining forty-six spectra was 22.5 (± 3.4), while average FWHM was 0.05 ± 0.01 
ppm (5.77 ± 1.04 Hz). 
When comparing the mean metabolite concentrations of NAA, choline (Ch), creatine 
(Cr), myo-inositol (Myo), glutamate (Glu), glutamate and glutamine (Glx) and lactate, 
there was a significant increase in lactate levels in the VS patient group with respect 
to the control group (0.66 ± 0.9 mM vs. 0.07 ± 0.2 mM; p < 0.001). There was also a 
trend of significance for glutamate differences (10.44 ± 2.8 mM vs. 9.18 ± 1.4 mM; p 
= 0.06) (Figure 7.4).  
 
 




Figure 7.4 Average metabolite concentrations in visual snow patients vs. controls.  
* represents significant differences. Error bars represent 95% confidence intervals 
 
 
7.3.4 BOLD/MRS correlation analysis 
When analysing the beta values for the BOLD response from an anatomical ROI 
corresponding to the right lingual gyrus, these values were found to be significantly 
different between the two groups. More specifically, they were found to be reduced 
in VS patients compared to healthy controls (average values in VS -0.29 vs. HCs 0.03; 
p < 0.001) (Figure 7.5).  
With the idea of combining these two techniques, a correlation analysis was 
performed between the BOLD beta values from the right lingual gyrus ROI and lactate 
concentration in the MRS voxel across all subjects. This showed that there was a 
significant negative correlation between the two measures (p = 0.004; r = -0.42) 
(Figure 7.6). A moderated regression to account for group membership further 
confirmed that lactate concentrations influenced BOLD beta values from the right 
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lingual gyrus (p = 0.04), and that this relationship was moderated by being in the VS 
group (OR = -0.221; 95% C.I. = [-0.432 -0.011]). 
 
 




Figure 7.6 Correlation between right lingual gyrus lactate concentrations and 




7.4 Discussion of BOLD & MRS analysis  
7.4.1 Anterior insula deactivations in VS 
The most relevant finding from the task fMRI experiment was that of an abnormal 
BOLD response to a visual stimulus in the anterior insular cortices of visual snow 
patients with respect to controls (Figure 7.2). It is an important result, as it reinforces 
the involvement of this specific area of the salience network in visual snow, found 
across the other imaging modalities. 
The bilateral insular deactivations could be interpreted in two opposite ways. They 
could in fact represent a reduction of activity when the brain is involved in a visual 
task, or rather they could be due to an increased activation of the region when the 
brain is at rest and not involved in the processing of an external stimulus. The latter 
hypothesis certainly is in line with the described role of the insula within the salience 
network, and with the arterial spin labelling results (chapter 5.3.4). A dysfunction of 
the fundamental integration activity of the anterior insula could explain part of the 
underlying pathophysiology of visual snow, where stimuli that should normally be 
considered irrelevant are allowed to pass a certain salience threshold in the brain, 
finally turning into an apparently normal perception. The arterial spin labelling and 
connectivity analyses in fact confirm this hypothesis, by showing that the anterior 
insula exhibits task-related change in response to a visual task in VS patients with 
respect to HCs.  
A further possibility is that, unlike healthy subjects in whom the presented visual 
stimulus captures high levels of attention and behavioural resources, the ‘intrinsic’ 
snow is being perceived as more salient by the VS brain than the ‘external’ snow, 
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thus causing the apparent deactivation in the insula when patients are exposed to 
the outside stimulus.  
 
7.4.2 BOLD response to the visual task 
The functional MRI paradigm also showed an expected BOLD activation of the 
bilateral primary and secondary visual cortices, in response to the visual stimulation 
mimicking VS itself. This response was strong and sustained in both patients and 
controls (Figure 7.1, Table 10), and confirms that the experimental model of visual 
snow tested here constitutes an appropriate tool for further investigation of the 
condition.  
Visual cortex activations were accompanied by bilateral deactivations in the occipital 
horns of the lateral ventricles, which extended to occipital grey matter areas of the 
cuneus, precuneus and lingual gyrus. In patients only however, there was a 
decreased BOLD response in several cortical areas, corresponding to the right middle 
frontal gyrus, superior frontal gyrus, FEFs, supramarginal gyrus, frontal operculum 
and insula. Aside from the insular region, these deactivations did not survive 
comparison between groups; nonetheless, they could suggest an abnormal 
reorganization of attention networks in visual snow in response to an external 
stimulus. Conversely, periventricular changes in BOLD signal common to both groups 
could represent noise, the product of a non-stationarity artefact (Eklund et al., 2016), 
or potentially - given the high T-scores and based on previous studies performed in 
cats (Jin et al., 2010) and humans (Piechnik et al., 2009) - they could be caused by 




7.4.3 Spectroscopy of the lingual gyrus 
The magnetic resonance spectroscopy results showed increased lactate and a trend 
for increased glutamate in the right lingual gyrus of visual snow patients (Figure 7.4).  
Lactate is a product of anaerobic glycolysis; its brain concentrations can rise in 
response to pathological increases in energy demand, such as in cerebral hypoxia, 
ischemia or seizures, and more generally in the case of mitochondrial and metabolic 
dysfunctions (Bertholdo et al., 2013). Transient increases in lactate levels can also be 
found with (1H) MRS as a physiological response to visual stimulation in healthy 
subjects (Prichard et al., 1991; Sappey-Marinier et al., 1992); this occurs because of 
a temporary excess of glycolysis over respiration in the cortex (Belanger et al., 2011). 
Previous studies have found similar lactate alterations in the visual cortex of migraine 
with aura patients, when subject to photic stimulation (Sandor et al., 2005; Sarchielli 
et al., 2005). It is important to note however, that the protocol used here involved 
spectroscopy acquisitions at rest, thus suggesting that the less efficient metabolism 
is more permanent in visual snow and not caused by an external demand. This 
finding, combined with the cited [18F]-FDG PET study, allows one to hypothesize that 
the pathologically continuous perception of visual symptoms could be in part caused 
by an abnormal involvement of the lingual gyrus, that is metabolically hyperactivated 
in VS patients.  
The trend for glutamate increase in the lingual gyrus that was found in VS subjects is 
also of note. As glutamate represents the major excitatory neurotransmitter in the 
brain, an increase in its concentrations could strengthen the hypothesis of 
hyperexcitability. Furthermore, lactate concentrations can rise in response to 
glutamate increase as a protective mechanism against excitotoxicity (Jourdain et al., 
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2016), and this could partially explain the association between the increase in these 
two metabolites in VS subjects. Given the difficulties in distinguishing glutamate from 
glutamine peaks reliably at lower field strengths however (Gu et al., 2013; Schubert 
et al., 2004), these results should be considered with caution. 
 
7.4.4 Impaired visual cortex metabolism in visual snow 
Finally, by combining the MRS analysis of the lingual gyrus with BOLD responses from 
the same cortical area, it was possible to study both the function and metabolism of 
the associative visual cortex in VS. The correlation between decreased BOLD 
responses and increased lactate levels (Figure 7.6) suggests that the discussed 
localised disturbance in extrastriate anaerobic metabolism could, in turn,  be causing 
a decreased capacity for the processing of regular visual stimuli, presented in the 
form of a snow simulation in the experiment. In other words, it is possible that if the 
associative visual cortex is continuously hyperactivated (as partially confirmed by the 
ASL and functional connectivity data), in the processing of an irrelevant, but 
nonetheless continuously perceived visual symptom, this pre-activation could then 
cause a decrease in the metabolic reserve necessary to respond to a physiological 
external stimulus. This mechanism could also represent a useful explanation for the 
presence of photophobia in the visual snow syndrome.  
Indeed, a similar dysfunction has been described in migraine, where a decreased 
habituation, thought to be caused by high pre-activation levels of sensory cortices, 
causes an anomalous response to sensory stimuli. This pathophysiological 
mechanism, even if from a different starting point - given that migraineurs typically 
have increased visual cortex activation, as explained in chapter 8.3.3 - could indeed 
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represent part of the link between migraine and visual snow, already touched upon 
in chapter 2.3. 
It is however necessary to interpret these results with caution, taking into account 
the important limitations of this technique, as described in the following section. 
 
7.4.5 Limitations 
There are several limitations pertaining to the MRS analysis, which require careful 
interpretation of the data presented in this chapter. First of all, there are known 
difficulties with lactate detection at 3 Tesla (Kelley et al., 1999; Lange et al., 2006). 
However, given that the shortcomings for this field strength are typically 
characterized by false-negative rather than false-positive results, this aspect seems 
to represent a minor issue when interpreting the specific finding of increased lactate 
in the VS population. 
Most importantly, even if the shimming and pre-processing techniques were 
performed with standard practice, the modelling of the spectrum was not optimized 
for specific detection of lactate. This might have therefore caused sub-optimal 
acquisition and spectral fitting of the metabolite, which might in turn explain the high 
number of zero values encountered, particularly in the control group (Figure 7.6).  
Unfortunately, no similar studies with control or medication free subjects, of similar 
age and gender and even considering voxels positioned in different brain regions, 
were available from the same laboratory, making it impossible to compare these 
values across studies with a similar methodology and pipeline.  
For this reason, future work allowing a better interpretation of lactate levels in visual 
snow subjects is warranted. This could involve the use of spectral editing optimized 
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for lactate (Oeltzschner et al., 2019), a longer echo time of 288 ms (at which the 
doublet at 1.33 ppm will be positive and in-phase) (Lange et al., 2006), larger voxel 
sizes, and possibly the modulation of the underlying neurochemistry of the system 
through a glucose challenge. Given the current findings, it would also be interesting 
to integrate these future studies with a more comprehensive investigation of the 
underlying neurochemistry, including localised GABA measurements through MEGA-
PRESS, and also considering other brain areas, such as the ones showing differences 




8 General discussion, conclusions and future work 
  
8.1 Summary of key findings 
8.1.1 Questionnaire study 
The findings from the questionnaire part of this PhD thesis, involving a large cohort 
of patients with visual snow and outlined in chapter 2, have uncovered several 
aspects of the typical VS presentation and have helped configure it as a well-
delineated, clinically recognisable disorder. Visual snow appears to be more 
prevalent in a young population (albeit with a certain level of selection bias, as 
discussed in chapter 2.3.1) and affects both genders equally. It most commonly starts 
in early life in a gradual manner, although a proportion of subjects have a very acute 
onset. It is most commonly featured by different combinations of static, with black 
and white and transparent being the most common types. In the complete 
syndrome, floaters, afterimages and photophobia are almost ubiquitously present. 
It has further emerged that VS does not manifest with specific biological subtypes 
and rather represents a clinical continuum, with patients ranging in different degrees 
of severity. On the severe end of the spectrum, visual snow is more likely to present 
with the comorbidities of migraine and tinnitus, which are quite common and 
possibly share some biology with the syndrome.  
A final important finding is that visual snow syndrome is completely independent of 
the use of hallucinogenic substances. At the same time however, it appears that 
hallucinogen persisting perception disorder can manifest in the visual snow 
spectrum, showing a certain degree of overlap between the two conditions. 
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8.1.2 Neuroimaging study 
Taken together, the results from the imaging study have provided important insight 
into the biology of the visual snow syndrome. The main findings show that visual 
snow is characterized by morphological and widespread functional changes that 
involve important brain networks pertaining to attention, salience, sensory 
processing and cognition. 
 
Specifically, the VBM analysis revealed subtle, yet significant, anatomical brain 
changes in VS. The morphological grey matter alterations that were found involve 
relevant neocortical visual areas pertaining to visual processing and motion 
pathways, as well as to important cognitive and attentional cerebellar areas. Given 
that these anatomical differences are not associated with clinical parameters, such 
as the total number of disease years and the number of associated symptoms, it is 
quite possible that they represent an inherent trait of visual snow, rather than a 
consequence of the condition. The abnormalities can also partially explain the 
functional changes found through the other neuroimaging techniques, and 
potentially justify some of its clinical elements as well.  
 
The pCASL analysis showed that patients with visual snow present increased 
activation in a wide network of intrinsic brain connectivity areas that are key in the 
processing of complex sensory and cognitive states. The fact that this rCBF increase 
was independent of the presence of an external visual stimulus, suggests that a state 
of dysfunction in connectivity networks, such as the salience and default mode 
networks, could be a causal factor of the disorder.  
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The functional connectivity results highlight that visual snow, like other neurological 
and psychiatric disorders, is characterized by a complex disturbance in the 
interaction of multiple brain systems. This dysfunction particularly involves the pre-
cortical and cortical visual pathways, the visual motion network as a whole, the 
attention networks and finally the salience network; further, it does not depend on 
the activity state of the brain. These observations suggest that there is a disruption 
in the filtering and integration of incoming sensory visual stimuli, versus the 
modulation of internally generated visual information, in visual snow.  
 
The task-based fMRI experiment showed that visual snow is characterized by a 
difference in bilateral insular responses to a visual stimulus mimicking the snow itself, 
as well as by a similar reduction of BOLD activity in the right lingual gyrus. The latter 
functional abnormality was further correlated with an increased lactate level in the 
same region, as shown by MRS. This finding suggests a localised disturbance in 
extrastriate anaerobic metabolism, which in turn seems to cause a decreased 
metabolic reserve for the regular processing of visual stimuli. Importantly, however, 
due to the MRS limitations outlined in chapter 7.4.5, this result should be interpreted 




8.2 Towards a new visual snow model 
 
At the start of this thesis some pathophysiological hypotheses presumed to underlie 
visual snow were outlined, with the intent of explaining the mechanisms involved in 
this syndrome (chapter 0, Figure 1.5). The research conducted here has in part 
corroborated these ideas, ultimately allowing the proposal of a new neurobiological 
model for visual snow, building on the initial hypotheses. This framework, along with 
a discussion of the main findings of this thesis, is described within this chapter and 
summarized in Figure 8.1.  
 
First, it is important to note that the finding of multiple morphological and functional 
changes characterizing the VS brain compared to that of healthy subjects, ultimately 
confirms visual snow as a neurological syndrome. Therefore, even if at the present 
stage it is not possible to exclude a potential role played by ophthalmological 
disturbances, which could possibly serve as a trigger for disease onset in certain 
cases, it is clear that the primary dysfunction responsible for visual snow is located 
within the central nervous system.  
By examining these brain dysfunctions collectively, it emerges that, as expected, the 
visual system is of particular importance. The posterior visual pathways, from the 
thalamus onwards, show a disrupted activity, both in the form of a disconnection 
within the inhibitory cortico-striatal circuitry that acts as a filter, and of a 
strengthened connection to the extrastriate visual cortex itself. Both these changes 
could collectively be causing a ‘flooding in’ of irrelevant bottom-up sensory 
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information, predisposing the brain to the perception of a visual noise that would 
normally be tuned-out directly at these lower hierarchical levels. 
As for the thalamo-cortical dysrhythmia hypothesis, this can be neither confirmed 
nor dismissed with the methodology that was used here, and will need to be 
investigated with more focused experimental approaches in the future. 
 
The functional imaging data, taken together, point out several important 
neurobiological disturbances pertaining to cortical activity. Possibly the most 
relevant finding is that, consistently, the main functional alterations are not to do 
with primary sensory cortices, but rather with mechanisms of higher order visual 
processing and integration between wide-spread cortical brain networks. 
Several areas in particular showed dysfunctional activity in visual snow, across 
different MRI modalities. These were: the anterior insula, the PCC and precuneus, 
the SMA, the lateral/posterior cerebellum and of course the extrastriate visual cortex 
- chiefly the fusiform and lingual gyri and area V5. 
 
The associative visual cortex is most likely hyperactivated in visual snow. This is 
confirmed by multiple findings: increased bilateral cerebral perfusion in the cuneus 
and precuneus, increased metabolic activity in the lingual gyrus, hyper-integration of 
key elements of the dorsal visual network, and particularly of V5, with multiple other 
brain areas. Spectroscopy data has also confirmed lingual gyrus hyperactivity, as had 
been found with [18F]-FDG PET (Schankin et al., 2014b). If one combines this finding 
with the functional connectivity data of increased connectivity between pulvinar and 
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LG, it is even possible to hypothesize that the lingual hyperactivity is being driven by 
a strengthening of sub-cortical visual pathways.  
Hyperactivity of the extrastriate visual cortex alone does not explain the entire 
symptomatology of the syndrome. However, if this pre-activation were in turn 
responsible for abnormal processing of external stimuli, this would certainly clarify 
several clinical elements pertaining to VSS. Hypothesizing that the associative visual 
cortex presents increased cortical pre-activation levels, due to a reduced ‘bottom-
up’ filtering of incoming sensory information (see above), this could then be causing 
a reduced functional reserve necessary for the processing of physiological external 
stimuli, such as light or moving objects. A confirmation of this hypothesis comes from 
the link between BOLD activity in the lingual gyrus and lactate elevation in this area. 
Intuitively, this theory can also be inferred by observing certain clinical elements of 
the syndrome, such as the high prevalence of photophobia, which is in itself a highly 
suggestive neurological symptom of sensory processing dysfunction. 
 
The dorsal visual stream and motion network are undoubtedly connected to visual 
snow pathophysiology. Indirect signs of increased neuronal function of V5, as 
observed through its increased regional perfusion and heightened connectivity to 
several brain regions, fit well with the finding of an increased cortical volume in this 
area. The same stands for the postero-lateral cerebellar cortex, which, as has been 
described, is part of important networks involved in cognitive and sensory 




On the other hand, it is more difficult to understand the increase of grey matter 
volume in V1. This finding was unmatched by a parallel increase of blood flow in the 
region - as was seen for the other two areas with altered brain morphology - but 
rather was associated with increased coupling to the dorsal visual stream. The higher 
connectivity between V1 and the visual attention network and V5 however, can 
partly explain this finding. These areas are in fact more activated in visual snow, as 
can be seen from the pCASL findings, possibly because of an abnormal processing of 
visual stimuli. Morphological changes in V1, therefore, could be an effect of the 
strengthened connections with these hyperactived regions.  
 
Ultimately, visual snow should be considered as a complex brain network 
dysfunction; there are several elements within the neuroimaging results provided 
here to support this thesis.  
Both in a normal baseline as well as in an activated state, the default mode network 
was found to be more functionally active in VS: its nodes show a clear increase in 
brain perfusion, and are more integrated with frontal attention regions and occipital 
hubs important for higher-order visual processing. On the other hand, the DMN is 
less coupled with the motion network, which is in turn increasingly connected to the 
dorsal attention network and less connected to the ventral attention network. These 
findings of altered functioning between the attention networks and the DMN, could 
be resulting in the VS brain allocating more resources to interiorized and pre-existing 
visual motion information (such as the ‘internal’ snow), rather than on refocusing 
attention to new and relevant environmental stimuli (such as the ‘external’ snow 
presented during the scanning).  
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Further, the salience network in visual snow showed aberrant functioning in its main 
region, the insula, as highlighted by pCASL and BOLD imaging, as well as disrupted 
activity within its two principal nodes, shown by an altered functional coupling 
compared to controls between the insula and the ACC.  
The perfusion and BOLD fMRI analyses gave opposing results with regards to anterior 
insular activity, even if both responses were significantly different from those of 
controls. In fact, with one technique there was increased perfusion, whereas with 
the latter there was a decreased neuronal coupling in the same region. The 
explanation for this peculiar difference most likely lies in the different time frames of 
presentation of the visual stimulus - even if the stimulus itself was identical in its 
other features - between the two investigations, and thus of the physiological 
responses that were being measured. With ASL, the acquisition lasted several 
minutes and participants were shown an on-going video of the visual task, thus 
allowing to detect a more prolonged and sustained change in brain activity. With the 
BOLD experiment, on the contrary, the change between the visual task and the blank 
screen was taking place continuously over half a minute, therefore only rapid 
neuronal responses could be measured.  
It is thus possible to interpret the rapid decrease in insular activity in response to the 
external stimulus as an immediate change from a baseline of increased cortical 
activation, with insular activity subsequently reverting to the original state with a 
more prolonged observation. This hypothesis is somewhat confirmed by the 
functional connectivity findings, that showed an increased baseline coupling of the 
insula with the ACC, which failed to decrease as much as in healthy controls, in 
response to the visual stimulus. 
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Knowing of the fundamental role of the salience network for sensory integration, and  
most importantly of the insula in switching between an internally oriented state and 
externally directed attention (section 5.3.4, Figure 5.6), this could confirm that a 
disrupted modulation between the perception of visual information and its 
internalization is taking place in visual snow.  
This disruption, facilitated by a lack of filtering in lower pre-cortical nodes of the 
visual pathway, and in the context of a hyper-activation of the visual motion network 
- that is more connected to the dorsal attention network and less connected to the 
default mode and ventral attention networks - could be causing irrelevant, ‘noise-
like’ visual information to pass through the brain salience threshold, thus becoming 















Figure 8.1 A new model for visual snow 
Building on the main findings of this thesis, it is possible to hypothesize that a form of 
bottom-up facilitation, explained by the heightened connections between the visual 
thalamus (Vis.TH) and the lingual gyrus (LG), is driving an increased pre-activation of 
the associative visual cortex, highlighted by raised lactate levels in the LG. This 
increased excitation could justify the perception of sub-threshold ‘noise-like’ stimuli, 
and also cause abnormal processing of physiological visual information.  
In parallel, the visual motion network, localized mostly in the cuneus and precuneus 
(PCu) and with its key region in motion area V5, is increased in volume, 
hyperactivated, more integrated with the dorsal attention network (SPL) and less with 
the ventral attention network (TPJ), possibly causing an increased allocation of 
attention to the abnormal visual noise.  
Important areas of the primary (V1) and associative visual cortices (fusiform gyrus = 
FG) as well as the cerebellum (Lobule VI/Crus I = Cb), are also increased in volume 
and/or hyperfunctional in visual snow. 
Finally, activity within the posterior elements of the default mode network (PCC = 
posterior cingulate cortex; precuneus) is increased, although these areas are less 
connected to the visual motion network. The two key nodes of the salience network 
(AI = anterior insula; ACC = anterior cingulate cortex), show disrupted coupling, while 
the anterior insula presents increased activity following exposure to a prolonged 
external stimulus (shadowed red hexagon).  
Ultimately, these dysfunctions could result in a strengthening of the misattribution of 





Finally, by examining possible links between the clinical data and the imaging 
findings, we can see that the spectrum type presentation of visual snow syndrome, 
as well as its relative stability through time, fit well with its description as a network 
issue. If VS were caused by a simple gain or loss of function within a specific brain 
region, one would have expected a clinical presentation characterized, as in 
neurodegenerative diseases, by different clinical subtypes and clear-cut differences 
between them, as well as a more or less gradual worsening of symptoms. This was 
not found however, when observing clinical characteristics in a large number of 
patients, although these observations were not longitudinal. 
Another important message pertaining to the clinical findings is that the 
comorbidities associated with the clinical presentation of VS will most likely 
represent a key element for understanding more about the disorder in the future. 
Both migraine and tinnitus have shown to worsen the phenotype of visual snow 
independently, and HPPD presents clear clinical similarities with VS. What still needs 
to be understood, however, is how much neurobiology is effectively shared across 
these conditions.  
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8.3 Methodological considerations 
8.3.1 Study strengths 
The investigational approaches used in this thesis present some important strengths.  
The questionnaire study was the first to involve such a large sample of visual snow 
patients, with origins from all parts of the world, making it quite representative of 
the real population. This allows inferences of several uncovered aspects of the 
condition that are likely generalizable to most patients presenting with visual snow, 
which will in turn hopefully facilitate future research on the subject. Further, this 
study was the first to investigate functional subtypes in visual snow, helping to 
uncover something hitherto not recognised, specifically that VS clinically manifests 
on a spectrum of severity and therefore might be easily ignored if not presenting in 
its most severe form. 
The neuroimaging study represents the first ever magnetic resonance imaging 
investigation of visual snow syndrome. Its multi-modal design allowed examination 
of several different aspects of VS pathophysiology, and provided a unique 
opportunity to characterise fully the whole-brain structural and functional 
alterations that are typical of affected individuals.  
 
8.3.2 Study limitations 
The main limitation for the questionnaire study is centred around selection bias. The 
patients that were recruited had autonomously contacted the study group in order 
to be involved in research. It is possible that this resulted in selecting subjects at a 
more severe end of the clinical spectrum. Nonetheless, most subjects were not 
165 
 
seeking medical help when they contacted the group, stating that their primary 
reason for contact was simple curiosity regarding their disorder.  
Further, access to the study was solely through the internet, and this might have also 
biased towards a younger population, as specified in chapter 2.3.1.  
The absence of an objective measure of clinical severity is another limitation; 
unfortunately, a suitable instrument is simply not available for visual snow as yet.  
Finally, the design and methodology were based on subjects completing 
questionnaires remotely, and as such it relied heavily on patient participation. In 
some cases, it is possible that the absence of a structured interview conducted by a 
physician might have hindered the clinical description. The main reasoning behind 
this methodology was that using a web-based survey allowed reaching a broader 
geographical population, and this would not have been feasible through in-person 
approaches. Moreover, the web-based approach guaranteed the largest possible 
participation to the study, which again would have been very challenging if all 
subjects were to have had telephone interviews.  
 
With regards to the MRI study, the main limitation is to do with not having been able 
to study the interactions between morphological or functional changes and clinical 
features of VS. This is caused, as in the questionnaire study, by the absence of an 
objective and reliable instrument to measure the severity of the condition. However, 
knowing from the questionnaire study that visual snow is a relatively homogenous 
condition, and having selected a patient population with similar clinical features, it is 
possible to generalize the changes found in this study to a larger number of patients.  
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A further relevant weakness of the study is to do with the lack of eye movement 
monitoring, which might have caused some of the changes in functional connectivity 
and pCASL to be caused by differences in eye movement behaviours between the 
two groups, as discussed in 5.3.9 and 6.3.5. 
Individual limitations pertaining to each technique have been discussed in the 
relevant chapters. 
 
8.3.3 Migraine comorbidity 
The high association between visual snow and migraine, confirmed by both the 
clinical study results (Table 3) and the population that took part in the neuroimaging 
study (Table 6), could have potentially influenced some of the MRI findings that were 
presented here. Unfortunately, this comorbidity confounds the investigation of 
visual snow syndrome, limiting generalizability of results away from patients who do 
not have co-existent migraine. On the other hand, specifically selecting visual snow 
patients without migraine would result in a selection bias, creating a patient group 
not representative of the full condition. Therefore, other measures have been used 
in this thesis to help reduce the ‘migraine confounder’ and to aid the interpretation 
of the neuroimaging results, either by comparing the findings with existing migraine 
literature or by performing specific post-hoc analyses for the available data.  
 
With regards to the morphological analysis, an important consideration to be made 
is that studies in the literature have shown opposite morphological grey matter 
changes in the visual areas and cerebellum of migraineurs, with respect to what was 
found in the visual snow group here. One VBM study in particular showed a grey 
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matter volume decrease in V5 in migraineurs with respect to controls, and this was 
correlated to disease activity (Palm-Meinders et al., 2017). Another study found 
decreased GM volume in the left V1/V2 area and cerebellum in chronic migraineurs 
without aura (Coppola et al., 2017). These literature findings, together with the sub-
analysis in which migraine presence was included as a covariate leaving results 
unvaried (section 4.2.2), seem to suggest that the described GM volume increases in 
VS patients are due to the visual snow condition and not to migraine.  
 
For the arterial spin labelling data, a separate analysis was run exclusively in VS 
patients without concomitant migraine, the results of which are outlined in Appendix 
C - pCASL post-hoc analysis. Overall, even if significance was lower due to power 
issues - the total number of VS subjects without migraine was only nine - it appears 
that the most relevant findings pertaining to the VS condition survived this analysis. 
Unfortunately, no similar pCASL study has been performed to date in a migraine 
population to allow for comparison with the current literature.  
 
For functional connectivity, a post-hoc analysis with migraine as a covariate was also 
run, and showed largely overlapping results to the initial seed-based analysis. 
Further, functional connectivity studies in the literature that have focused on the 
visual system of migraineurs have shown results that are opposite to the current 
findings for VS. One study for example, found decreased connectivity between the 
sensorimotor network and the visual cortex, while conversely, increased connectivity 
was found between the DMN and the visual cortices bilaterally (Amin et al., 2016). 
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Another study found reduced connectivity between the DMN and the visuo-spatial 
system in migraineurs respect to healthy controls (Coppola et al., 2016). 
 
With regards to the BOLD task, a reduced activation was found in the extrastriate 
visual cortex in VS patients, while most studies in the literature have repeatedly 
found migraine with and without aura to be associated with increased BOLD 
response in the primary and associative visual cortex and higher-order visual areas, 
both during the interictal or premonitory period (Antal et al., 2011; Schulte et al., 
2016; Vincent et al., 2003) and during visually triggered attacks (Cao et al., 2002). 
Unfortunately, no specific study performed in migraineurs to date has focused on 
metabolism of the lingual gyrus directly.   
 
Finally, it must be again specified that none of the VS patients were in the ictal 
migraine phase (i.e. 48 hours before or after an attack) when they were being 
scanned for this study.   
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8.4 Directions for future research 
Several questions remain open with regards to visual snow pathophysiology, which 
will require future studies for clarification. To begin with, it is not certain that the 
altered network dysfunction theory highlighted here represents the main 
pathophysiological fingerprint underlying the condition, and is indeed a primum 
movens for the genesis of the snow illusion itself. It is certainly possible that other 
mechanisms, not measurable through neuroimaging, are at play in VS; these could 
be either simultaneous to the alterations that were found with fMRI, or could even 
represent their underlying cause. 
 
Further, the fact that visual snow starts in early life could potentially hint to a 
congenital brain dysfunction, or even to a genetic predisposition. Only studies with 
targeted genetic testing will help to elucidate this aspect.  
 
Finally, the lack of effective treatment strategies is indeed a complex issue in visual 
snow. No systematic clinical trials have been performed in this condition before, and 
all available data on treatment come from single patients or case reports. The current 
evidence seems to show that commonly used medications such as migraine 
preventives, antidepressants, or pain medication do not consistently improve or 
worsen visual snow (Puledda et al., 2017). There has been some positive experience 
with lamotrigine (Unal-Cevik et al., 2015), particularly in five subjects of a fifty-eight 
case series involving VS patients (van Dongen et al., 2019); however, this medication 
is still far from useful in most subjects. Some improvement on the other hand has 
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been obtained with non-pharmacological interventions such as tinted lenses, 
particularly with filters in the yellow-blue colour spectrum (Lauschke et al., 2016), 
showing that other avenues of therapy need to be explored as well in visual snow. 
 
In the future, more work and in depth approaches will be needed in the fields of 
Neurology, Neuroscience and Neuro-ophthalmology in order to uncover all aspects 






In the data presented in this thesis, I have shown evidence that allows recognition of 
visual snow as a unique neurological disorder, that is well defined by the current 
diagnostic criteria, and which presents with a spectrum of severity and several 
important comorbidities.  
Further, visual snow syndrome seems to be characterized by the rupture of a delicate 
equilibrium across and within intrinsic brain networks. Its main feature is likely a 
global dysfunction in the physiological mechanism of attention, where salience is 
being misattributed to internal stimuli that should normally be considered irrelevant, 
and, possibly as a consequence, with abnormal sensory integration and reduced 







9.1  Appendix A - Latent class analysis 
Latent class analysis for the questionnaire study (chapter 2) performed on VSS 
patients only (1, 2; n = 1060) and on patients with VSS and VS (3; n = 1104). 
 
1) Model fit criteria of latent class analysis on VSS patients suggested that a two 
class solution (in bold) provided the most parsimonious explanation of the 
data. The classes obtained separated patients into groups based solely on 
frequency of additional visual symptoms. 
 
 1 2 3 4 5 6 
n 1060 1060 1060 1060 1060 1060 
AIC 9496.78 9073.196 9035.735 9018.37 9013.908 9003.152 







2) Logistic regression of the latent class analysis for VSS patients. The same 
variables were used as in the ordinal logistic regression in Table 5, reinforcing 
the relationship between frequency of additional visual symptoms and latent 
class membership. Number of observations n = 753; LR chi2 = 50.84; Prob > 
chi2 = 0.0000; pseudo R2 = 0.0491; Log likelihood = -492.78. 
 
 OR SE z C.I. 
Age 0.99 0.009 -0.85 [0.97 - 1.01]  
Gender 1.3 0.202 1.7 [0.96 - 1.77] 
Disease years 0.99 0.010 -0.34 [0.98 - 1.02] 
Migraine 2.36 0.390 5.18 [1.7 - 3.23] 
Tinnitus 1.9 0.330 3.7 [1.35 - 2.67] 
Onset type     
  1 1.1 0.288 0.31 [0.64 - 1.83] 




3) Latent class analysis with VSS and VS patients (n = 1104). Model fit criteria of 
latent class analysis suggested that a three class solution (in bold) provided 
the most parsimonious explanation of the data. An extra class is recovered in 
the analysis with respect to the table in 1), however, the model still separated 
patients into groups based solely on frequency of additional visual symptoms. 
 
 1 2 3 4 5 6 
n 1104 1104 1104 1104 1104 1104 
AIC 10283.85 9636.164 9585.471 9569.977 9561.652 9558.281 






9.2 Appendix B - Evaluation of visual snow MRI simulation 
Summary of ‘similarity’ evaluations between visual snow simulation used for the MRI 
task and patients’ personal visual snow experience. Scores for density, speed and size 
of their own snow could be given by patients as either equal (=) increased (>) or 
reduced (<) respect to the simulation. Patient could also describe their visual snow 
as more black and white (BW), transparent (T), flashing (F) or coloured (C) than the 
simulation. 
Patient number Static Density Static Speed Colour Size 
1 < < C < 
2 = > = = 
3 = = = = 
4 = = F < 
5 = = = = 
6 = = = = 
7 = = = = 
8 = = = = 
9 = = T = 
10 > = = < 
11 > = T = 
12 > = = < 
13 = = T < 
14 = = = < 
15 = < = = 
16 = = T = 
17 = = = = 
18 = = C < 
19 = = = < 
20 = = = = 
21 > = = = 
22 > = T < 
23 = = = = 




9.3  Appendix C - pCASL post-hoc analysis  
A post-hoc analysis for the pCASL methodology was performed in subjects without 
concomitant migraine (n = 9) compared to healthy volunteers (n = 24). Due to low 
power, the cluster-forming threshold was lowered to p <0.01 and cluster corrected 
to p < 0.05. A total of four clusters of significantly increased rCBF were found in 
patients, largely overlapping the areas from the complete whole brain analysis. 
In the figure below, the clusters are imposed over a glass brain (a) and standard T1 
image (b). Clusters are located in left superior temporal gyrus (x = -52 y = -28 z = 12; 
T = 4.19; k = 624), right SPL, cuneus and precuneus (x = 28 y = -44 z = 44; T = 3.79; k 
=767), left posterior cingulate gyrus (x = -8 y = -42 z = 40; T = 3.71; k =631) and left 
SPL, cuneus and precuneus (x = -32 y = -58 z = 48; T = 3.36; k = 930). A comparative 
image (c) with the whole brain analysis between VS patients and healthy controls 
shows that the clusters overlap significant areas from the original results, as 
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